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Abstract 
The study of the chemistry of phosphinimine incorporating a Lewis acid fragment has 
been investigated. These compounds form stable heterocycles containing P-N-B-C 
elements such as [(CeFs^BCty^-B^PNSiMes as evidenced by X-ray crystallography. 
The syntheses of linked (phosphinimide-cyclopentadienyl) complexes of titanium have 
been achieved using olefin metathesis. These compounds exhibited high activity in olefin 
polymerization when activated with MAO or B containing activators. Other titanium 
complexes containing linked (fo's-phosphinimide) ligands and non-linked ligands have 
been prepared as well. Based on polymerization testing, the link shows no effect on 
activity. 
The chemistry of phosphinimide complexes of hafnium has been studied. A few 
complexes were prepared having one, two and three phosphinimide ligands. When 
cyclopentadienyl ligand was introduced, ligand disproportionation has been observed. 
Only sterically bulky cyclopentadienyl groups form stable complexes. The reactivity of 
some compounds toward Lewis acids such as B(CeF5)3 or HB(C6Fs)2 as well as ethylene 
polymerization testing have been explored. 
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The work presented in this thesis is part of an ongoing research in the, group of Prof. 
Douglas Stephan concerning the chemistry of phosphinimines and their coordination to 
main group and transition metal elements. The early findings of the research in 
collaboration with scientists at Nova Chemicals Corp, nearly ten years ago, led to the 
development of a new family of olefin polymerization catalysts of the formula 
1 9 
Cp(R3PN)TiCl2. ' These catalysts proved to be extremely active even under commercial 
conditions. Later, the research has been immensely expanded to study other aspects of 
these systems such as ligand design and activity relationship,2"10 mechanisms of 
deactivations11"16 and metal variations.17"19 As part of this project, this thesis will discuss 
the possibility of modifying the existing catalysts as well as exploring other new ideas for 
olefin polymerization. In this chapter, a short review of the chemistry of olefin 
polymerization catalysis will be discussed. 
1.2 Olefin Polymerization 
1.2.1 History 
The field of olefin polymerization is probably the fastest growing field in organometallic 
chemistry due to increasing demands for polyolefins around the world. It began in the 
early 1950's with the discovery by Karl Ziegler and co-workers that the heterogeneous 
mixture of titanium halides and aluminum alkyls could polymerize ethylene under 
atmospheric pressure.20 Several months later, Giulio Natta and co-workers succeeded in 
polymerizing propylene to isotactic polypropylene using similar catalyst system.21 In 
2 
1963, Ziegler and Natta shared Nobel Prize in chemistry for their outstanding contribution 
in the field of olefin polymerization. 
The polymerization in these catalysts takes place on different active catalytic sites, which 
results in broad molecular weight distribution (MWD). These systems were later modified 
by introducing MgCk as a solid support and electron donors.22 The characteristics of solid 
supports, such as surface area, have large impact on catalyst activity and polymer 
morphology. The electron donors, such as esters or ethers, can selectively poison the non-
stereoselective sites to improve the stereoselectivity of the catalyst for propylene 
polymerization. The term "Ziegler-Natta Catalysts" is widely used to refer to supported 
or heterogeneous catalyst systems. 
1.2.2 Metallocenes 
Although heterogeneous Ziegler-Natta catalysts have been known for long time, the 
nature of the active sites was not fully understood. The need for soluble catalyst system is 
highly desirable for mechanistic investigations. Metallocenes, are soluble in organic 
media and could be easily studied. Breslow and co-workers and Natta and co-workers 
independently reported the polymerization of ethylene using a mixture of Cp2TiCl2 and 
Et2AlCl or Et3Al. " This catalyst exhibited low activity presumably due to reduction of 
titanium (IV) to inactive titanium (III) species. It was not until late 1970's when Sinn and 
Kaminsky and co-workers successfully reported the high activity of ethylene 
polymerization using CP2MCI2 (M = Ti, Zr) in combination with methylaluminoxane 
(MAO).28 
Following that significant achievement, the development of new metallocene catalysts 
grew rapidly. For instance, Brintzinger and co-workers introduced the bridged or ansa-
metallocene systems rac-ethylenebis(indenyl)TiCl2 and rac-ethylenebis(indenyl)ZrCl2 for 
the stereoselective polymerization of propylene to isotactic polypropylene.29'30 Similarly, 
Ewen and co-workers reported the synthesis of j-Pr-Cp-l-FluZrCk that polymerized 
3 
31 
propylene to syndiotactic polypropylene (Figure 1.1). Furthermore, tmsa-metallocenes 
showed better comonomer incorporation in ethylene/a-olefin copolymerization than 
nonbridged analogues, which is due to larger coordination space around the metal. 
Unlike Ziegler-Natta catalysts, metallocene catalysts when activated with MAO, generate 
single active sites that produce polymers with narrow molecular weight distribution. 
Figure 1.1: Examples of metallocenes for stereoselective polymerization of propylene. 
1.2.3 Alternatives to Metallocenes 
The large number of patents applications concerning metallocene catalysts prompted 
scientists around the world to search for other organic ligands that mimic the spectator 
nature of cyclopentadienyl ligand. The substitution of one or two cyclopentadienyl 
group(s) with other mono-anionic ligand such as OAr, NR2, N=CR.2, N=PR3, generated a 
large number of half-metallocene and non-metallocene catalysts.36"39 These complexes 
exhibited various catalytic activities in olefin polymerization and copolymerization. Only 
a few systems were exploited for industrial use. Some examples will be discussed in more 
detail. 
Constrained Geometry Catalyst (CGC) 
The first half-metallocene of commercial importance in olefin polymerization was based 
on the bridged amido-cyclopentadienyl ligand (C5(Me4)SiMe2N/-Bu)TiCl2 (Figure 1.2). 
4 
The ligand was originally designed by Bercaw and co-workers for scandium chemistry.40 
The bridge in this catalyst constrains Cp-Ti-N angle which results in more open structure. 
This effect allows coordination of not only simple olefins like ethylene but also bulky a-
olefin incorporation such as 1-octene and that accounts for its high activity.41 The 
resulting copolymers have high a-olefin content which improves its processability. Both 
Dow Chemical Company and ExxonMobil Corporation concurrently patented this 
catalyst.42"44 The zirconium analogue is a little more active than the titanium complex but 
the resulting copolymer has higher polymer density.41 Other similar complexes were 
reported in the literature that replaced the dimethylsilyl bridge with alkyl bridges or 
phosphorus for nitrogen. 5 9 Some of these catalysts were highly active. 
if 
£SL / i-ci 
N 
Figure 1.2: The constrained geometry catalyst (CGC) 
McConville's Diamide Catalysts 
One of the remarkable non-metallocene catalysts in the field was based on the bulky 
diamide ligand. In 1996, McConville and co-workers reported the synthesis and 
polymerization activity of a-olefins using the diamide titanium dimethyl complex (Figure 
1.3).50 When activated with B(C6F5)3, this complex can polymerize 1-octene at room 
temperature in a living fashion.51"53 Other derivatives of diamide ligands were reported in 
the literature and they were reviewed by Gibson and co-workers.54 
Figure 1.3: McConville diamide catalyst 
Fenokishi-Imin Haiishi (VY) Catalysts 
Fujita and co-workers at Mitsui Chemical Inc., developed highly active catalysts for 
ethylene polymerization based on phenoxy-imine {Fenokishi-Imin Haiishi) type ligands 
(Figure 1.4).55"60 Generally, the activity in these systems is highly dependent on two 
factors, the metal employed and the size of substituents. The activity decreases in the 
order zirconium » hafnium > titanium. For a given zirconium derivative, bulky 
substituents on ort/zo-phenoxy position increase the activities due to protection of the 
oxygen atom from Lewis acid activators such as MAO, whereas increasing the size of 
imine nitrogen substituent has an opposite effect on activity.54'61 In case of titanium, living 
polymerization was achieved in ethylene and propylene polymerization. 60 
M = Ti, Zr, Hf 
Figure 1.4: FI Catalysts 
6 
Phosphinimide Catalysts 
A new family of olefin polymerization catalysts based on phosphinimide ligands (R3PN) 
was developed by Stephan and co-workers in 1999.2'62 Titanium complexes of 
phosphinimide half-metallocene Cp(R_3PN)TiX2 (X = CI or Me) or fo's-phosphinimide 
(R.3PN)2TiMe2 with sterically demanding substituents on phosphorous such as t-Bu groups 
are extremely active catalysts. These activities are maintained even under industrial 
relevant conditions (high temp and pressure). The steric feature of tvi-t-
butylphosphinimide ligand can be related to that of tri-/-butylmethoxide (tritox) or tri-t-
butylsiloxide (silox). Wolczanski and co-workers described the similarity between tritox 
and cyclopentadienyl ligands based on the cone angle (Figure 1.5).63 The advantage is that 
the bulk is further removed from the metal which increases the coordination sphere 
around the metal center. This is most likely the reason why titanium complexes of 
phosphinimide show high activity in ethylene polymerization. 
Figure 1.5: Steric analogy between Cp, tritox and phosphinimide ligands. 
The bonding mode of phosphinimide ligands to transition metals could adopt different 
arrangements depending on the oxidation state of the metal and the size of substituents on 
phosphorus.64 These could be linear, bent or bridging arrangements to two or three metals. 
Dehnicke and co-workers proposed 2,4 or 6 electrons can be donated depending on those 
arrangements.64'65 Generally, linear arrangement is preferred for early transition metals 
with high oxidation states such as Ti(IV) and bulky susbtituents on phosphorus (Figure 
1.6). 
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Figure 1.6: Possible bonding modes of phosphinimide ligands to transition metals. 
1.2.4 Polymerization Mechanism 
There are three known steps for the polymerization of olefins by group IV transition metal 
complexes; activation, propagation and termination. 
Activation 
The metal complex needs to be activated at first to create a vacant site for olefin 
coordination. This is generally achieved by adding strong Lewis acids compounds 
(normally called activators or cocatalysts) that abstract an alkyl group from the metal 
complex to generate the active cation-anion ion pair [L2MR]+[A]".66"68 These activators 
can be divided to two types. The first is known as methylalumoxane (MAO), a partially 
8 
hydrated form of trimethylaluminum, first introduced by Sinn and Kaminsky. This 
activator is used in large excess to alkylate the group (IV) metal dichloride complex, to 
abstract a methide for ion pair formation and to scavenge any moisture residue in the 
reaction medium.67 The second is boron-based activators containing perfluoroaryl groups 
such as B(C6F5)3, [Ph3C][B(C6F5)4] and [PhNHMe2][B(C6F5)4]. These cocatalysts activate 
via alkyl abstraction, abstractive cleavage or protonolysis, respectively.67'68 Unlike MAO, 
these borane activators are generally used stoichiometrically with group (IV) metal 
dialkyl complexes. 
Propagation 
The metal in the cation-anion ion pair is a 14-electron highly electrophilic species.69 Thus, 
olefin coordination through the vacant site is virtually immediate. The generally accepted 
mechanism for olefin insertion was independently proposed by Cossee and Arlman.70'71 It 
involves olefin coordination followed by alkyl migration to the coordination olefin with a 
simultaneous new carbon-metal bond formation. Green and Brookhart suggested an a-
agostic interaction between a hydrogen on the a-carbon with the metal center that 
facilitates the insertion step.72'73 
Termination 
There are three pathways for the termination mechanism. The first pathway is the (3-
hydride elimination which generates a polymeric chain with an olefin end group and a 
metal-hydride species that is able of inserting olefins to make another polymeric chain.32 
P-methide elimination is not common but it was reported by Resconi and co-workers in 
the polymerization of propylene with (CsMes^ZrC^.74 The second pathway is chain 
transfer to aluminum. Finally, the third pathway is the (3-hydride transfer to monomer.32 
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Figure 1.7: General Olefin Polymerization Mechanism 
10 
1.2.5 Catalyst Characterization 
The polymerization activity and the characteristics of the resulting polymer are the main 
criteria for catalyst evaluation. The activity is normally reported in g(polymer)-mmol" hr" 
'•atm'1. The activity value is affected by several factors such as activator, temperature, 
stirring rate, solvent, reactor size and scavenger. For the sake of simplicity, the activity 
can be rated to a scale previously reported by Gibson and co-workers. 
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The characteristics of the resulting polymer such as molecular weight can be determined 
analytically using Gel Permeation Chromatography (GPC). Since the polymer consists of 
a large number of chains of unequal length, the polymer does not have an exact molecular 
weight. Therefore, GPC only provides information on number average molecular weight ( 
M„) and weight average molecular weight (Mw). Polydispersity index (PDI) or 
molecular weight distribution (MWD) is a measure of how uniform the polymer is. Single 
site catalysts usually produce narrow molecular weight distribution (PDI ~ 2), whereas 
Ziegler-Natta catalysts produce broad molecular weight distribution (PDI < 2).75 
PDI = JLL — YN.Mt 2>. 
- YN,M? 
Nt is the total number of molecules with molar mass Mi. 
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1.3 Scope of the work 
The target in this thesis is to prepare various phosphinimines and to explore their 
coordination to group (IV) transition metals, to prepare linked phosphinimide-
cyclopentadienyl titanium complexes and linked fos-phosphinimide titanium complexes, 
and finally to study these complexes as catalysts in ethylene polymerization. 
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2 Main Group Heterocycles from Lithiated Phosphinimines 
2.1 Introduction 
After the successful utility of phosphinimide half-metallocene titanium compound Cp(/-
Bu3PN)TiCl2 in ethylene polymerization by our group in collaboration with researchers at 
NOVA Corporation,2,38 the chemistry of phosphinimines has been extended to include 
group 13 elements (B and Al) . Alkyl or aryl derivatives of these elements compounds are 
used as activators in olefin polymerization catalysis. Several boron-phosphinimides 
derivatives have been previously reported in the literature. For, example, Dehnicke and 






Recently, our group has reported the formation of a linear borinium cation salt [(t-
Bu3PN)2B]Cl which results from the steric demands of the substituents on P. The related 
chemistry of Al phosphinimide complexes results in dimeric products, presumably a 
consequence of the larger metal center.81'82 The impact of steric demands is also seen in 
the reactions of catechol and pinachol boranes with phosphinimines,83'84 as bulk appears 
to control the formation of the monomeric and dimeric complexes of the form 
R3PNB(02C2Me4) and [R3PNB(02C6H4)]2, respectively. 
Incorporation of B substituents in metallocene derivatives such as (C5H4B(C6F5)2)2ZrCl2
85 
and (C5H4B(C6F5)2)TiCl3,
86 results in self-activating catalysts for olefin polymerization. 
In this chapter, we explore the possibility of incorporation of such fragments in 




2.2.1 General Considerations 
All preparations were performed under an atmosphere of dry, oxygen-free nitrogen 
employing standard Schlenk line techniques or an MBraun inert atmosphere glovebox. 
!H, "Bj 'H}, "C^H} , 19F, and ^P^H} NMR data were acquired on Bruker Avance 300 
or 500 MHz spectrometers. !H and 13C NMR chemical shifts are listed downfield from 
tetramethylsilane in parts per million (ppm), and were referenced to the residual proton or 
carbon peak of the solvent. 31P{'H} NMR chemical shifts were referenced relative to 85% 
H3PO4 as an external standard. "B^H} and 19F NMR chemical shifts were referenced 
relative to external standards: BF3-Et20 and 80% CCI3F in CDCI3, respectively. 
Combustion analyses were performed at the University of Windsor Analytical Services. 
2.2.2 Solvents 
Anhydrous solvents including toluene, pentane, hexanes, and CH2CI2 were purchased 
from Aldrich Chemical Co., and were purified with Grubbs' column systems 
manufactured by Innovative Technology. CeD6 and CD2CI2 were purchased from 
Cambridge Isotopes Laboratories, freeze-pump-thaw degassed (3 times) and vacuum 
distilled from the appropriate drying agents. 
2.2.3 Materials 
Hyflo Super Cel® (Celite) was purchased from Aldrich Chemical Co. and dried for 12 
hours in a vacuum oven prior to use. 4 A molecular sieves were purchased from Aldrich 









90 were prepared by literature methods. «-BuLi (2.5 M), /-BuLi (1.7 M), 
N3SiMe3, Me3SiCl, [Me3NH]Cl, and AlMe3 were purchased from Aldrich Chemical Co. 
and used without further purification. 
2.2.5 Synthesis of Phosphinimines and Heterocyclic Compounds 
Synthesis of (/-Pr)f-Bu2PNSiMe3 (2.1). 
N3SiMe3 (0.78 mL; 5.88 mmol) was added to (/-Pr)?-Bu2P (1.00 g; 5.32 mmol) in 15 mL 
of toluene at room temperature. The off-white solution was heated with stirring at 100°C 
for 5 h. The solvent was removed under vacuum to give a pale yellow oil (1.30 g; 4.94 
mmol; 93%). 'H NMR (C6D6, 500 MHz): 5 1.88 (m, 1H, C//(CH3)2), 1.13 (dd,
 3JHH = 7 
Hz, 3JPH = 6 Hz, 6H, PCH(C//3)2), 1.09 (d,
 3JPH = 13 Hz, 18H, PC(Gtf3)3), 0.40 (s, 9H, 
Si(C#3)3). ^Cj'H} NMR (C6D6, 75 MHz): 5 38.2 (d, V = 59 Hz, PC(CH3)3), 29.4 (d, 
'JPC = 56 Hz, PCH(CH3)2), 28.5 (s, PC(CH3)3), 20.1 (s, PCH(CH3)2), 5.2 (s, Si(CH3)3). 
31P{1H} NMR (C6D6, 121 MHz): 5 29.2. Anal. Calcd for Ci4H34NPSi: C, 61.04; H, 12.44; 
N, 5.08. Found: C, 60.57; H, 12.77; N, 4.96. 
Synthesis of [(CeFs^BCH^-BiizPNSiMea (2.2). 
w-BuLi (2.5 M) (0.09 mL; 0.22 mmol) was added slowly at room temperature to a toluene 
solution (5 mL) of (Me>-Bu2PNSiMe3 (0.048 g; 0.20 mmol). The pale yellow solution 
was stirred for 1 h. (C6F5)2BC1 (0.075 g; 0.20 mmol) was dissolved in 3 mL of toluene 
then added dropwise to the above solution. It was stirred for 3 h then filtered through 
celite. Toluene was removed under vacuum to give a crystalline solid which was washed 
with hexanes ( 2 ^ 2 mL) and dried under vacuum to give a yellowish solid (0.11 g; 0.18 
mmol; 92%). *H NMR (C6D6, 500 MHz): 5 1.77 (d,
 2JPH= 11 Hz, 2H, CH2), 0.83 (d,
 3JPH 
= 15 Hz, 18H, PC(Ci/3)3), 0.11 (s, 9H, Si(C//3)3).
 13C{'H} NMR (C6D6, 75 MHz): 8 
148.0 (d, 1JCF= 235 Hz, o-C6F5), 140.1 (d,
 1JCF= 257 Hz,p-C6F5), 137.9 (d,
 1JCF= 250 Hz, 
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m-C6F5), 38.0 (d, 'JPC = 31 Hz, PC(CH3)3), 27.3 (s, PC(CH3)3), 10.2 (br, CH2), 4.5 (s, 
Si(CH3)3).
 19F NMR (C6D6, 282 MHz): 8 -131.2 (d,
 3JFF = 11 Hz, 4F, o-F), -165.1 (t,
 3JFF = 
10 Hz, 2F,p-F), -171.5 (m, 4F, m-V). 31P{'H} NMR (C6D6, 121 MHz): 8 94.1.
 nB{'H} 
NMR (C6D6, 96 MHz): 8 -3.2. Anal. Calcd for C24H29BF10NPS1: C, 48.75; H, 4.94; N, 
2.37. Found: C, 48.79; H, 5.22; N, 2.88. 
Synthesis of (Me)*-Bu2PNC6H2Me3 (2.3). 
N3C6H2Me3 (1.26 ml; 7.82 mmol) was dissolved in 5 mL of toluene then added slowly to 
a toluene solution (10 mL) of (Me)f-Bu2P (1.14 g; 7.15 mmol) at room temperature. A 
slow bubbling was observed. The solution was heated with stirring at 80°C for 2 h. 
Toluene was removed under vacuum to give a tan solid (1.90 g; 6.48 mmol; 90%). !H 
NMR (C6D6, 500 MHz): 8 6.98 (s, 2H, Ph), 2.38 (s, 6H, 0-CH3), 2.32 (s, 3H, p-CH3), 1.15 
(d, 2JPH = 10 Hz, 3H, PC/ft), 1-03 (d,
 3JPH = 13 Hz, 18H, PC(Ci/3)3). "C^H} NMR 
(C6D6, 75 MHz): 8 147.3, 130.3, 129.7 (Ph), 125.8, 37.7 (d,
 1JPC= 69 Hz, PC(CH3)3), 27.7 
(s, PC(CH3)3), 22.5 (s, 0-CH3), 21.2 (s, p-CHi), 10.9 (d, V = 45 Hz, PCH3).
 31P{1H} 
NMR (C6D6, 121 MHz): 8 12.8. Anal. Calcd for Ci8H32NP: C, 73.68; H, 10.99; N, 4.77. 
Found: C, 73.71; H, 11.53; N, 4.43. 
Synthesis of (LiCH2)f-Bu2PNC6H2Me3 (2.4). 
rc-BuLi (2.5 M) (0.17 ml; 0.42 mmol) was added slowly at room temperature to a toluene 
solution (5 mL) of (Me>Bu2PNC6H2Me3 (2.3) (0.11 g; 0.39 mmol). The pale yellow 
solution turned orange upon addition. It was stirred for 2 h before removing toluene under 
vacuum to give a yellow solid (0.11 g; 0.37 mmol; 94%). lH NMR (C6D6, 500 MHz): 8 
6.94 (s, 2H, Ph), 2.46 (s, 6H, o-CHj), 2.25 (s, 3H, p-CH3), 1.19 (d,
 3JPH = 12 Hz, 18H, 
PC(C//3)3), -0.68 (d,
 2JPH= 10 Hz, 2H, PC/fcLi). "C^H} NMR (C6D6, 75 MHz): 149.1, 
132.7, 130.1, 38.6 (d, 1JPC = 46 Hz, PC(CH3)3), 28.8 (s, PC(CH3)3), 22.6 (s, o-CH3), 21.1 
(s,p-Ca3), -1.4 (d,
 1JPC= 55 Hz, PCH2Li).
 31P{1H} NMR (C6D6, 121 MHz): 5 55.2. Anal. 
Calcd for Ci8H31NPLi: C, 72.22; H, 10.44; N, 4.68. Found: C, 72.19; H, 10.97; N, 4.18. 
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Synthesis of [(C6Fs)2BCH2]*-Bu2PNC6H2Me3 (2.5). 
(C6F5)2BC1 (0.10 g; 0.26 mmol) was dissolved in 3 mL of toluene then added dropwise to 
a toluene solution (5 mL) of (LiCH2)f-Bu2PNC6H2Me3 (2.4) (0.08 g; 0.26 mmol) at room 
temperature. The solution was stirred for 3 h then filtered through celite. Toluene was 
removed under vacuum to give a tan solid. It was further washed with pentane ( 3 x 3 mL) 
and dried under vacuum (0.13 g; 0.20 mmol; 79%). 'H NMR (CD2C12, 500 MHz): 5 6.79 
(s, 2H, Ph), 2.29 (d, 2JPH = 10 Hz, 2H, CH2), 2.21 (s, 9H, 0-CH3 &p-CH3), 1.39 (d,
 3JPH = 
14 Hz, 18H, PC(C#3)3).
 13C{'H} NMR (CD2C12, 75 MHz): 5 147.7 (d,
 1JCF= 239 Hz, o-
C6F5), 139.6 (d,
 1JCF= 257 Hz, p-C6F5), 137.4 (d, 'JCF = 250 Hz, w-C6F5), 139.7, 136.4, 
134.8, 130.8, 40.40 (d, 1JPC= 26 Hz, PC(CH3)3), 29.0 (s, PC(CH3)3), 23.3 (s, o-CH3), 20.6 
(s, p-CH3), 9.6 (br, CH2).
 19F NMR (CD2C12, 282 MHz): 5 -127.8 (s, 2F, o-F), -135.5 (s, 
2F, o-F), -161.1 (t, JFF = 20 Hz, 2F, p-F), -165.5 (m, 2F, m-F), -165.8 (m, 2F, m-F). 
31P{'H} NMR (CD2C12, 121 MHz): 5 94.8.
 11B{1H} NMR (CD2C12, 96 MHz): 5 -0.4. 
Anal. Calcd for C30H3iBFi0NP: C, 56.53; H, 4.90; N, 2.20. Found: C, 56.75; H, 5.44; N, 
1.78. 
Synthesis of [(C6F5)2BCH(Ph)]*-Bu2PNSiMe3 (2.6). 
«-BuLi (2.5 M) (0.11 ml; 0.28 mmol) was added slowly at room temperature to a toluene 
solution (5 mL) of (PhCH2)/-Bu2PNSiMe3 (0.08 g; 0.25 mmol). The pale yellow solution 
was stirred for 3 h. (C6Fs)2BCl (0.09 g; 0.25 mmol) was dissolved in 3 mL of toluene 
then added slowly to the above solution. The resulting solution was stirred for another 3 h 
then filtered through celite. Toluene was removed under vacuum. The orange solid was 
washed with hexanes (2 x 3 mL) and dried under vacuum (0.14 g; 0.20 mmol; 81%). JH 
NMR (C6D6, 500 MHz): 5 6.90 (m, 5H, Ph), 4.93 (d,
 2JPH = 21 Hz, 1H, PCH), 1.04 (d, 
3JPH = 14 Hz, 9H, PC(C/f3)3), 0.94 (d,
 3JPH = 15 Hz, 9H, PC(C/f3)3), 0.21 (s, 9H, 
Si(C#3)3).
 13C{'H} NMR (C6D6, 75 MHz): 5 148.8 (d,
 1JCF= 233 Hz, C6F5), 147.6 (d, ' j C F 
= 246 Hz, C6F5), 140.2 (d,
 1JCF= 244 Hz, C6F5), 138.1 (d,
 1JCF= 250 Hz, C6F5), 137.9 (d, J 
= 11 Hz, Ph), 131.5 (d, J = 7 Hz, Ph), 126.7, 41.6 (d, 'JPC = 29 Hz, PC(C/f3)3), 40.5 (d, 
'JPC = 24 Hz, PC(C/f3)3), 33.2 (br, CH), 28.0 (s, PC(CH3)3), 5.1 (s, Si(CH3)3).
 19F NMR 
(C6D6, 282 MHz): 5 -128.5 (d,
 3JFF= 20 Hz, 2F, o-F), -129.6 (br, 2F, o-F), -157.8 (t,
 3JFF = 
20 Hz, IF, p-F), -159.2 (t, 3JFF = 20 Hz, IF, p-F), -164.4 (m, 2F, m-F), -165.0 (m, 2F, m-
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F). 31P{!H} NMR (C6D6, 121 MHz): 5 93.4.
 nB{]H} NMR (C6D6, 96 MHz): 8 0.0. Anal. 
Calcd for C3oH33BF,oNPSi: C, 53.99; H, 4.98; N, 2.10. Found: C, 54.03; H, 5.51; N, 1.85. 
Synthesis of (LiCMe2)*-Bu2PNSiMe3 (2.7). 
J-BuLi (1.7 M) (3.0 mL; 5.10 mmol) was added slowly to hexanes solution (8 mL) of (/-
Pr)/-Bu2PNSiMe3 (2.1) (1.20 g; 4.36 mmol) at room temperature. The pale yellow 
solution was stirred overnight to form a white precipitate. Cooling the mixture at -35°C 
precipitated most of the product which was filtered and washed with cold pentane ( 2 x 3 
mL) and dried under vacuum (0.80 g; 2.84 mmol; 65%). lH NMR (C6D6, 500 MHz): 5 
1.74 (d, 3JpH= 17 Hz, 6H, C(CH3)2), 1.19 (d,
 3JPH= 11 Hz, 18H, PC(C#3)3), 0.36 (s, 9H, 
Si(Ci/3)3). "Cf'H} NMR (C6D6, 75 MHz): 5 39.8 (d, ^PC = 46 Hz, PC(CH3)3), 29.4 (s, 
PC(CH3)3), 24.6 (s, PC(CH3)2), 17.3 (d, 'JPC = 64 Hz, PC(CH3)2), 6.6 (s, Si(CH3)3). 
31P{'H} NMR (C6D6, 121 MHz): 8 50.2. Anal. Calcd for Ci4H33NPSiLi: C, 59.75; H, 
11.82; N, 4.98. Found: C, 60.20; H, 11.95; N, 4.89. 
Synthesis of [(C6F5)2BCH2CH(Me)]t-Bu2PNSiMe3 (2.8). 
(CeF5)2BCl (0.14 g; 0.37 mmol) was dissolved in 5 mL of toluene then added dropwise to 
a toluene solution (5 mL) of (LiC(Me2))/-Bu2PNSiMe3 (2.7) (0.10 g; 0.37 mmol) at room 
temperature. The solution was stirred for 6 h then filtered through celite. Toluene was 
removed under vacuum to give a crystalline solid which was washed with hexanes ( 2 x 3 
mL) and dried under vacuum to give a white solid (0.16 g; 0.25 mmol; 67%). 'H NMR 
(C6D6, 500 MHz): 8 2.79 (m, CH), 2.02 (m, 1H, CH2), 1.24 (m, 1H, CH2), 1.06 (dd,
 3JHH 
= 7 Hz, 3JPH = 7 Hz, 3H, CH3), 0.95 (d,
 3JPH = 14 Hz, 9H, PC(C//3)3), 0.91 (d,
 3JPH = 14 
Hz, 9H, PC(Gf/3)3), 0.09 (s, 9H, Si(C//3)3).
 13C{'H} NMR (C6D6, 75 MHz): 8 139.3 (d, 
'JCF = 242 Hz, C6F5), 137.9 (d, 'JCF = 237 Hz, C6F5), 39.5 (d, 'JPC = 39 Hz, PC(CH3)3), 
38.8 (d, 1JPC= 39 Hz, PC(CH3)3), 34.6 (d,
 1JPC= 55 Hz, PCH(CH3)), 29.6 (s, PC(CH3)3), 
28.6 (s, PC(CH3)3), 19.8 (s, PCH(CH3)), 6.9 (s, Si(CH3)3).
 19F NMR (C6D6, 282 MHz): 8 -
129.4 (br, 4F, o-F), -159.3 (t, 3JFF = 21 Hz, lF,/?-F), -161.2 (t,
 3JFF = 21 Hz, lF,/?-F), -
165.4 (br, 4F, m-F). 31P{IH} NMR (C6D6, 121 MHz): 8 90.1. "B^H} NMR (C6D6, 96 
MHz): 8 -1.5. Anal. Calcd for C26H33BF10NPSi: C, 50.42; H, 5.37; N, 2.26. Found: C, 
50.58; H, 5.19; N, 2.39. 
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Synthesis of [(C6F5)2B(Cl)CH2]*-Bu2PN(H)SiMe3 (2.9). 
[(C6F5)2BCH2]f-Bu2PNSiMe3 (2.2) (0.35 g; 0.59 mmol) was dissolved in 5 mL of CH2C12 
then added to a CH2C12 solution of [Me3NH]Cl (0.07 g; 0.76 mmol) at room temperature. 
After stirring the solution for 24 h, the solvent was removed under vacuum to give a white 
solid. The solid was washed with toluene ( 3 x 5 mL) then dried under vacuum (0.27 g; 
0.43 mmol; 73%). lH NMR (C6D6, 500 MHz): 5 5.04 (d,
 2JPH = 12 Hz, N#), 2.09 (d,
 2JPH 
= 11 Hz, 2H, CH2), 0.66 (d,
 3JPH = 14 Hz, 18H, PC(C#3)3), 0.09 (s, 9H, Si(C#3)3). 
^C^H} NMR (C6D6, 75 MHz): 8 148.5 (d,
 1JCF= 239 Hz, o-C6F5), 140.1 (d, 1 J C F = 248 
Hz,p-C6F5), 138.0 (d,
 1JCF= 266 Hz, w-C6F5), 36.1 (d,
 1JPC= 48 Hz, PC(CH3)3), 26.6 (s, 
PC(CH3)3), 14.6 (br, CH2), 2.7 (s, Si(CH3)3).
 19F NMR (C6D6, 282 MHz): 5 -132.5 (d,
 3JFF 
= 18 Hz, 4F, o-F), -159.5 (t, 3JFF = 20 Hz, 2F, p-F), -164.9 (m, 4F, m-F). ^P^H} NMR 
(C6D6, 121 MHz): 5 77.6.
 11B{1H} NMR (C6D6, 96 MHz): 5 -4.3. Anal. Calcd for 
C24H30BFioNPSi: C, 45.91; H, 4.82; N, 2.23. Found: C, 48.72; H, 5.22; N, 2.55. 
Synthesis of [(C6F5)2B(OCH3)CH2]f-Bii2PNH2 (2.10). 
[(C6F5)2BCH2]f-Bu2PNSiMe3 (2.2) (1.00 g; 1.69 mmol) was dissolved in 5 mL of CH2C12. 
Dry methanol (35 mL) was added and the resulting cloudy solution was stirred at room 
temperature for 24 h. The solvent and excess methanol were removed under vacuum to 
give a white solid (0.85 g; 1.54 mmol; 91%). *H NMR (C6D6, 500 MHz): 8 3.22 (s, 3H, 
OCH3), 3.05 (s, 2H, Ni/2), 1.50 (m, 2H, ?CH2), 0.55 (d,
 3JPH =14 Hz, 9H, PC(Ci/3)3). 
"C^H} NMR (C6D6, 75 MHz): 5 149.2 (d,
 1JCF= 234 Hz, o-C6F5), 139.8 (d,
 1JCF= 247 
Hz, p-C6F5), 137.9 (d, 'JCF = 245 Hz, m-C6F5), 52.9 (s, OCH3), 34.8 (d, 'jpc = 49 Hz, 
PC(CH3)3), 25.8 (s, PC(CH3)3), 8.2 (br, PCH2).
 19F NMR (C6D6, 282 MHz): 8 -134.5 (d, 
3JFF = 17 Hz, 4F, o-F), -160.5 (t,
 3JFF = 20 Hz, 2F, p-F), -165.2 (m, 4F, m-F).
 31P{1H} 
NMR (C6D6, 121 MHz): 8 74.6. "B^H} NMR (C6D6, 96 MHz): 8 -1.3. Anal. Calcd for 
C22H25BF10NOP: C, 47.94; H, 4.57; N, 2.54. Found: C, 48.27; H, 4.75; N, 2.55. 
Synthesis of [(C6F5)2B(Cl)CH2]^Bu2PNH2 (2.11). 
[(C6F5)2B(OCH3)CH2]f-Bu2PNH2 (2.10) (0.33g; 1.81 mmol) was dissolved in 7 mL of 
Me3SiCl. The clear solution was stirred at room temperature for 24 h. The excess solvent 
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was removed under vacuum to give a white solid which was washed with pentane and 
dried under vacuum (0.31 g; 0.56 mmol; 93%). 'H NMR (C6D6, 500 MHz): 5 2.62 (brs, 
2H, NH2), 1.99 (d,
 2JPH= 11 Hz, 2H, CH2), 0.53 (d,
 3JPH = 15 Hz, 9H, PC(C//3)3).
 13C{JH} 
NMR (C6D6, 75 MHz): 5 148.6 (d, 'JCF = 244 Hz, o-C6F5), 140.0 (d, 'JCF = 250 Hz, p-
C6F5), 138.0 (d, 'JCF = 244 Hz, w-C6F5), 124.3 (br, ipso-C), 35.1 (d,
 lJPC = 48 Hz, 
PC(CH3)3), 25.8 (s, PC(CH3)3), 11.2 (br, CH2).
 19F NMR (C6D6, 282 MHz): 5 -132.8 (d, 
3JFF = 20 Hz, 4F, o-F), -159.7 (t,
 3JFF = 20 Hz, 2F, p-¥), -165.1 (m, 4F, m-F).
 31P{'H} 
NMR (C6D6, 121 MHz): 8 72.6.
 UB{'H} NMR (C6D6, 96 MHz): 5 -4.8. Anal. Calcd for 
C2iH22BF10NPCl: C, 45.39; H, 3.99; N, 2.52. Found: C, 45.27; H, 3.75; N, 2.55. 
Synthesis of [(C6F5)2BCH2]f-Bu2PNH (2.12). 
[(C6F5)2B(Cl)CH2]/-Bu2PNH2 (2.11) (0.08 g; 0.14 mmol) was dissolved in 5 mL of 
toluene. «-BuLi (2.5 M) (0.06 ml; 0.15 mmol) was added dropwise at room temperature. 
The clear solution turned cloudy due to LiCl formation. After stirring for 6 h, the solution 
was filtered through celite and toluene was removed under vacuum to give a white solid 
(0.07 g; 0.13 mmol; 93%). lH NMR (C6D6, 500 MHz): 5 1.99 (brs, 2H, N//), 1.58 (d,
 2JPH 
= 10 Hz, 2H, CH2), 0.57 (d,
 3JPH = 14 Hz, 9H, PC(C//3)3).
 l3C{lU] NMR (C6D6, 75 
MHz): 5 147.9 (d, 1JCF= 241 Hz, o-C6F5), 140.0 (d,
 1JCF= 248 Hz,/?-C6F5), 137.9 (d, ' j C F 
= 249 Hz, m-C6F5), 35.6 (d,
 1JPC= 35 Hz, PC(CH3)3), 25.5 (s, PC(CH3)3), 7.55 (br, CH2). 
19F NMR (C6D6, 282 MHz): 8 -136.2 (br, 4F, o-F), -160.1 (t,
 3JFF = 20 Hz, 2F, p-F), -
164.5 (m, 4F, w-F). 31P{1H} NMR (C6D6, 121 MHz): 8 89.7. "B^H} NMR (C6D6, 96 
MHz): 8 -4.7. Anal. Calcd for C21H2iBF10NP: C, 48.58; H, 4.08; N, 2.70. Found: C, 
48.82; H, 4.40; N, 2.71. 
Synthesis of [((C6F5)2BCH2]/-Bu2PNH)(AlMe3)] (2.13). 
[(C6F5)2BCH2]7-Bu2PNH (2.12) (0.06 g; 0.13 mmol) was dissolved in 5 mL of toluene 
then cooled to -35°C. AlMe3 (14.3 /xL; 0.15 mmol) was added dropwise at the same 
temperature. After stirring the solution for 1 h, toluene was removed under vacuum to 
give a white solid which was washed with pentane and dried under vacuum (0.07 g; 0.11 
mmol; 90%). *H NMR (C6D6, 500 MHz): 8 1.77 (brs, NH), 1.38 (d,
 2JPH = 16.0 Hz, 2H, 
CH2), 0.70 (s, 6H, A1(C#3)2), 0.64 (d,
 3JPH = 15 Hz, 9H, PC(C//3)3), 0.14 (s, 3H, 
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Al(C//3)).
 13C{'H} NMR (C6D6, 75 MHz): 8 150.5 (d, ' J C F = 233 Hz, o-C6F5), 140.8 (d, 
'JCF = 287 Hz, p-CeFs), 137.5 (d, 'JCF = 279 Hz, m-C6F5), 36.3 (d, ' j P C = 50 Hz, 
PC(CH3)3), 26.7 (s, PC(CH3)3), 17.3.
 19F NMR (C6D6, 282 MHz): 5 -123.3 (d,
 3JFF = 16 
Hz, 4F, o-F), -156.5 (t, 3JFF = 18 Hz, 2F,p-F), -162.6 (m, 4F, m-F). ^Pl 'H} NMR (C6D6, 
121 MHz): 8 74.2. " B J ' H } NMR (C6D6, 96 MHz): 8 83.9 (br). Anal. Calcd for 
C24H30BFioNPAl: C, 48.75; H, 5.11; N, 2.37. Found: C, 48.57; H, 4.75; N, 2.22. 
Synthesis of [(((C6F5)2B(OCH3)CH2)f-Bii2PNH)(AlMe2)] (2.14). 
[(C6F5)2B(OCH3)CH2]?-Bu2PNH2 (2.10) (0.25 g; 0.45 mmol) was dissolved in 5 mL of 
toluene then cooled to -35°C. AlMe3 (48.0 uL; 0.50 mmol) was added dropwise at the 
same temperature. Methane gas formation was observed. After stirring the solution for 2 
h, toluene was removed under vacuum to give a white solid which was washed with 
pentane and dried under vacuum (0.23 g; 0.38 mmol; 84%). *H NMR (C6D6, 500 MHz): 8 
3.05 (s, 3H, OC//3), 1.58 (d,
 2JPH = 17 Hz, 2H, CH2), 0.55 (d,
 3JPH = 14 Hz, 9H, 
PC(C//3)3), -0.35 (s, 6H, Al(C//3)2). ^C^H} NMR (C6D6, 75 MHz): 8 148.9 (d, 'JCF = 
237 Hz, o-C6F5), 140.5 (d,
 1JCF= 251 Hz,p-C6F5), 138.0 (d, ' JCF^ 268 Hz, m-C6F5), 55.5 
(s, OCH3), 35.9 (d, V = 49 Hz, PC(CH3)3), 26.5 (s, PC(CH3)3), 8.9 (br, CH2), -8.0 (s, 
A1(CH3)2).
 19F NMR (C6D6, 282 MHz): 8 -133.40 (d,
 3JFF= 18 Hz, 4F, o-F), -157.74 (t, 
3JFF = 18 Hz, 2F, p-F), -163.87 (m, 4F, m-F). 31P{!H} NMR (C6D6, 121 MHz): 8 69.1. 
"Bj'H} NMR (C6D6, 96 MHz): 8 0.41. Anal. Calcd for C24H30BFioNPOAl: C, 47.47; H, 
4.98; N, 2.31. Found: C, 47.27; H, 4.75; N, 2.21. 
2.2.6 X-Ray Data Collection, Reduction, Solution and Refinement 
Crystals were manipulated and mounted in capillaries in a glovebox, thus maintaining a 
dry, oxygen-free environment for each crystal. Diffraction experiments were performed 
on a Siemens SMART System CCD diffractometer. The data were collected in a 
hemisphere of data in 1329 frames with 10 seconds exposure times. The observed 
extinctions were consistent with the space groups in each case. The data sets were 
collected (4.5° < 20 < 45-50.0°). A measure of decay was obtained by re-collecting the 
21 
first 50 frames of each data set. The intensities of reflections within these frames showed 
no statistically significant change over the duration of the data collections. The data were 
processed using the SAINT and XPREP processing packages. An empirical absorption 
correction based on redundant data was applied to each data set. Subsequent solution and 
refinement was performed using the SHELXTL solution package. Non-hydrogen atomic 
scattering factors were taken from the literature tabulations.91 The heavy atom positions 
were determined using direct methods employing the SHELXTL direct method routine. 
The remaining non-hydrogen atoms were located from successive difference Fourier map 
calculations. The refinements were carried out by using full-matrix least-squares 
techniques on F% minimizing the function co (|F0|-|.FC|) where the weight co is defined as 
4F0
2/2a (F0
2) and F0 and Fc are the observed and calculated structure factor amplitudes. In 
the final cycles of each refinement, all non-hydrogen atoms were assigned anisotropic 
temperature factors in the absence of disorder or insufficient data. In the latter cases, 
atoms were treated isotropically. For compound (2.12), the refinement revealed the 
presence of a racemic twin. C-H atom positions were calculated and allowed to ride on 
the carbon to which they are bonded, assuming a C-H bond length of 0.95 A. H atom 
temperature factors were fixed at 1.10 times the isotropic temperature factor of the C atom 
to which they are bonded. The H contributions were calculated, but not refined. The 
locations of the largest peaks in the final difference Fourier map calculation as well as the 
magnitude of the residual electron densities in each case were of no chemical significance. 























































































The data was collected at 24°C with Mo Ka radiation (X = 0.71073 A) 
R = S I | F O I - | F J I / 1 | F 0 | , R W = [ S ( | F 0 | - | F C | )
2 / E | F 0 |
2 ] 0 ' 5 
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The data was collected at 24°C with Mo Ka radiation (A. = 0.71073 A) 
R = S | I F0 | - | Fc | | / 2 | F0 | , Rw = [S( | F0 | - | Fc | )
2 / S | F0 |
 2 ] 0 5 



























Abs coeff, u, cm'1 0.206 
Data collected 43972 
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The data was collected at 24°C with Mo K a radiation (A, = 0.71073 A) 
R = S I |FOI- |F C | I / s | F 0 | , R W = [ S ( | F 0 | - | F C | )
2 / S |F 0 |
2 ] 0 - 5 
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2.3 Results and Discussion 
The reaction of the phosphinimine (Me)f-Bu2PNSiMe3 with n-BuLi has been previously 
shown to generate the species known to generate [(LiCH2)f-Bu2PNSiMe3].
92 In situ 
generation of this species and subsequent reaction with (CeFs^BCl results in the isolation 
of a new product (2.2) in 92% isolated yield (Scheme 2.1). Compound (2.2) exhibits 'H, 
^Cj 'H}, and 19F NMR spectra consistent with reaction constituents; however they 
provide no definitive structural information. The 31P NMR spectrum showed a single 
resonance at 94.1 ppm as well as a n B NMR resonance at -3.2 ppm. The latter signal 
suggests the presence of a four-coordinate B atom. An X-ray crystallographic study of 
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R = SiMe3, R' = H and Ph 2.3 
Scheme 2.1: Synthesis of heterocyclic compounds 
The core of this molecule is a B-N-P-C four-membered heterocyclic ring. The B-C and B-
N distances are 1.661(4) and 1.638(3) A, respectively, while the P-C and P-N distances 
are 1.775(3) and 1.651(2) A, respectively. The B-N distance is longer than the 
corresponding B-N distance of 1.585(8) and 1.614(4), found in phosphinimine adducts 
(R3PNH)B(C6F5)3 (R = z'-Pr, *-Bu)
82 and the borinium cation [(f-Bu3PN)2B]
+ (1.41(1) A).80 
This observation reflects the strain of four-membered ring. These four atoms are 
approximately coplanar, with the largest deviation from coplanarity being 0.002 A. The 
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angles within the core are all approximately 90°: specifically the N-P-C angle is 88.9(1)°, 
the B-N-P 91.40(13)°, the N-B-C angle is 93.4(2)°, and the B-C-P angle is 86.4(2)°. This 
geometry dictates a transanular P-B distance of 2.354(3) A. The exocyclic silyl 
substituent gives rise to a Si-N distance of 1.768(2) A and B-N-Si and P-N-Si angles of 
134.9(9)° and 132.2(1)°, respectively. 
Figure 2.1: ORTEP drawing of (2.2); 30% ellipsoids are shown, H atoms are omitted for 
clarity. Selected bond distances (A) and angles (deg): Si(l)-N(l) 1.768(2), P(l)-N(l) 
1.6505(19), P(l)-C(9) 1.775(3), P(l)-B(l) 2.354(3), N(l)-B(l) 1.638(3), B(l)-C(9) 
1.661(4), N(l)-P(l)-C(9) 88.87(11), B(l)-N(l)-P(l) 91.40(13), B(l)-N(l)-Si(l) 
134.91(16), P(l)-N(l)-Si(l) 132.19(12), N(l)-B(l)-C(9) 93.35(18), B(l)-C(9)-P(l) 
86.37(15). 
The analogous aryl-substituted phosphinimine (Me)/-Bu2PNC6H2Me3 (2.3) was prepared 
via oxidation of the phosphine (Me)/-Bu2P with N3C6H2Me3 in 90% isolated yield. This 
species exhibited the expected downfield shift in the 31P NMR resonance, giving a 
resonance at 12.8 ppm. Treatment of (2.3) with «-BuLi results in a orange solution arising 
from deprotonation of the methyl group on P, affording the reagent (LiCt^)/-
Bu2PNCeH2Me3 (2.4). This salt was isolated as a yellow solid in 94% yield. The species 
(2.4) exhibits a 31P NMR resonance at 55.2 ppm and *H NMR doublet at -0.68 ppm 
arising from the methylene fragment. The corresponding ^Cj1!!} NMR resonance was 
observed at -1.4 ppm with P-C coupling of 55 Hz. Reaction of (2.4) with (CeF^BCl 
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results in the formation of a new species (2.5) that was subsequently isolated in 79% yield 
as a tan solid (Scheme 2.1). The lH NMR data revealed resonances arising from the 
precursor (2.4), although the signal corresponding to the methylene protons was shifted to 
2.29 ppm, consistent with alkylation of B. The 13C{!H} and 19F NMR spectra were 
consistent with the presence of phosphinimine and boron precursors. Similar to (2.2), the 
31P NMR spectrum of (2.5) gave a resonance at 94.8 ppm, while the corresponding UB 
NMR signal was seen at -0.4 ppm. The nature of (2.5) was unambiguously confirmed as 
[(C6F5)2BCH2]/-Bu2PNC6H2Me3 via X-ray crystallography (Figure 2.2). Similar to (2.2), 
the core of compound (2.5) is B-N-P-C four membered ring. The core metric parameters 
in (2.5) are similar to those seen in (2.2), as the P-N, P-C, B-C, and B-N distances were 
found to be 1.664(3), 1.772(4), 1.659(5), and 1.635(5) A, respectively, while N-P-C, B-N-
P, B-C-P, andN-B-C angles are 86.6(2)°, 92.6(2)°, 87.9(2)°, and 91.4(3)°, respectively. It 
is noteworthy that replacement of SiMe3 in (2.2) with the aryl substituent on N in (2.5) 
has a minimal impact on the P-N or B-N distances. Despite these metric similarities to 
(2.2), the largest deviation from B-N-P-C coplanarity in (2.5) is 0.0704 A, significantly 
larger than that seen in (2.2). In a similar fashion, P-B trans-ring distance of 2.384(4) A in 
(2.5) is longer than that seen in (2.2). These distortions are thought to occur in response to 
steric conflicts between the aryl substituent on N and the adjacent substituents on P and B. 
Similarly, these conflicts results in the orientation of the plane of the N-aryl ring at an 
angle of 71.5° with respect to the main B-N-P-C plane. 
The benzyl substituted N-silylphosphinimine (PhCH2)f-Bu2PNSiMe3 was prepared in a 
fashion similar to (Me)f-Bu2PNSiMe3. Deprotonation with «-BuLi at 25°C and 
subsequent treatment with (C6F5)2BC1 resulted in the formation and isolation of the new 
species [(C6F5)2BCH(Ph)]/-Bu2PNSiMe3 (2.6) in 81% yield (Scheme 2.1). The
 !H NMR 
data for (2.6) were consistent with borylation of the benzylic carbon of (PhCF^V-
Bu2PNSiMe3, as the resulting methine carbon gave rise to a doublet at 4.93 ppm with a 
coupling of 21 Hz. The corresponding ^C^H} NMR resonance was observed at 33.2 
ppm. The 19F NMR spectrum was indicative of the presence of the (C6F5)2B fragment, 
while the 31P NMR signal at 93.4 ppm and the n B NMR resonance at 0.0 ppm were also 
consistent with the formation of (2.6) as [(C6F5)2BCH(Ph)]?-Bu2PNSiMe3 (Scheme 2.1). 
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An X-ray crystallographic study of (2.6) confirmed that this molecule contained a four-
membered B-N-P-C ring (Figure 2.3). 
Figure 2.2: ORTEP drawing of (2.5); 30% ellipsoids are shown, H atoms are omitted for 
clarity. Selected bond distances (A) and angles (deg): P(l)-N(l) 1.664(3), P(l)-C(9) 
1.773(4), P(l)-B(l) 2.384(4), N(l)-B(l) 1.634(5), B(l)-C(9) 1.659(5), N(l)-P(l)-C(9) 
86.58(16), B(l)-N(l)-P(l) 92.6(2), N(l)-B(l)-C(9) 91.4(3), B(l)-C(9)-P(l) 87.9(2). 
Figure 2.3: ORTEP drawing of (2.6); 30% ellipsoids are shown, H atoms are omitted for 
clarity. Selected bond distances (A) and angles (deg): P(l)-N(l) 1.652(3), P(l)-C(9) 
1.811(3), P(l)-B(l) 2.369(3), Si(l)-N(l) 1.770(3), N(l)-B(l) 1.622(4), B(l)-C(9) 
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1.678(4), N(l)-P(l)-C(9) 88.00(13), B(l)-N(l)-P(l) 92.74(17), N(l)-B(l)-C(9) 93.7(2), 
B(l)-C(9)-P(l) 85.47(17). 
While the P-N distance in (2.6) (1.652(3) A) is similar to that seen in (2.2) and (2.5), the 
P-C distance in the four-membered ring of (2.6) is significantly longer at 1.811(3) A. In a 
similar fashion, the B-C in (2.6) of 1.678(4) A is slightly longer than those in (2.2) and 
(2.5), while the B-N distance of 1.622(4) A is slightly shorter. These perturbations to the 
metric parameters about the B-N-P-C core reflect steric congestion resulting from the 
phenyl substituent on C. The N-P-C, B-N-P, B-C-P, and N-B-C angles within the four-
membered ring of (2.6) were found to be 88.0(1)°, 92.7(2)°, 85.5(2)°, and 93.7(2)°, 
respectively. Interestingly, the largest deviations of these angles from those in (2.2) and 
(2.5) are the decrease in the angle at C and the corresponding increase at B. These 
changes presumably accommodate the steric demands of the substituent on C while 
maintaining the B-N donor-acceptor coordination. Despite these variations, the B-N-P-C 
core is essentially planar, with the largest deviation from coplanarity being 0.0143 A. This 
geometry prompts a transannular P-B distance of 2.369(3) A in (2.6), which is only 
slightly longer than that seen in (2.2). 
The related phosphinimine (/-Pr)?-Bu2PNSiMe3 (2.1) was prepared via oxidation of the 
phosphine (/-Pr)f-Bu2P with N3SiMe3 in 93% isolated yield. Reaction of (i-Pr)t-
Bu2PNSiMe3 (2.1) with f-BuLi in hexanes proceeded to give a white precipitate (2.7) with 
the empirical formula (LiCMe2)/-Bu2PNSiMe3 in 65% yield. ]H NMR data confirmed 
deprotonation of the isopropyl group, as evidenced by the doublet at 1.74 ppm attributable 
to the gem-dimethyl groups. The corresponding methyl resonance was observed at 24.6 
ppm in the ^Cl'H} NMR spectrum. The formation of the Li salt (2.7) also gave rise to a 
downfield P NMR signal at 50.2 ppm. The absence of coordinating solvent suggests that 
(2.7) may be an oligomer. X-ray quality crystals were grown from hexanes, and a 
crystallographic study revealed that indeed (2.7) is formulated as the dimer [(LiCMe2)7-
Bu2PNSiMe3]2 in the solid state (Figure 2.4). This structure consists of two four-
membered P-N-Li-C rings, in which the Li and C atoms bridge to the adjacent C and Li 
atom, respectively, thus forming a "ladder" of three consecutive four-membered rings. 
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Within the P-N-Li-C cores, the P-N, N-Li, and P-C distances average 1.592(3), 1.980(7), 
2.322(7), and 1.773(4) A, respectively. The corresponding angles at P, N, Li, and C about 
these cores average 105.6(2)°, 93.0(2)°, 77.8(2)°, and 79.0(2)°, respectively. The 
transannular P-Li distances were found to be 2.604(6) A. The bridging Li-C distances 
between the P-N-Li-C cores average 2.218(7) A. The dimeric ladder-type structure of 
(2.7) is similar to that reported for [(LiCMe2)/-Pr2PNSi]VIe3]2 by Dehnicke and co-
workers.92 Both of these species stand in contrast to the tetrameric structure observed for 
[(LiCH2)Me2PNSiMe3]4, which results from the presence of lesser steric demands. 
Figure 2.4: ORTEP drawing of (2.7); 30% ellipsoids are shown, H atoms are omitted for 
clarity. Selected bond distances (A) and angles (deg): P(l)-N(l) 1.592(3), P(2)-N(2) 
1.591(3), P(l)-C(12) 1.767(4), P(2)-C(26) 1.779(4), Si(l)-N(l) 1.682(3), Si(2)-N(2) 
1.687(3), N(l)-Li(l) 1.980(7), N(2)-Li(2) 1.980(7), Li(l)-C(26) 2.234(7), Li(l)-C(12) 
2.306(7), Li(2)-C(12) 2.202(7), Li(2)-C(26) 2.238(8), N(l)-P(l)-C(12) 105.95(16), P(l)-
N(l)-Li(l) 92.6(2), N(l)-Li(l)-C(12) 77.1(2), P(l)-C(12)-Li(l) 78.0(2), N(2)-P(2)-C(26) 
105.27(16), P(2)-N(2)-Li(2) 93.3(2), N(2)-Li(2)-C(26) 78.7(3), P(2)-C(26)-Li(2) 80.1(2). 
Subsequent reaction of (2.7) with (CeFs^BCl afforded a new species (2.8) in 67% isolated 
yield. While the observation of a 31P NMR resonance at 90.1 ppm and a n B NMR signal 
at -1.5 ppm are reminiscent of the four-membered-ring species (2.2), (2.5), and (2.6), the 
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presence of resonance at 2.79, 2.02, and 1.06 ppm is consistent with presence of methine, 
methylene, and methyl groups resulting from isomerization of the isopropyl fragment. 
The corresponding C NMR resonances were observed at 34.6 and 19.8 ppm. These data 
support the formulation of (2.8) as the five-membered heterocycle 
[(C6F5)2BCH2CH(Me)]f-Bu2PNSiMe3 (Scheme 2.2). 
This formulation was confirmed by a crystallographic study of (2.8) (Figure 2.5) with P-
N, P-C, C-C, C-B, and B-N distances of 1.648(2), 1.824(3), 1.528(4), 1.634(4), and 
1.636(4) A, respectively. The increase in the ring size to 5 in (2.8) results in an increase in 
the angles at P, B, and N to 99.9(1)°, 105.1(2)°, and 110.6(2)°, respectively. Attempts to 
monitor the reaction between [(LiCMe2)?-Bu2PNSiMe3]2 and (CeFs^BCl at low 
temperature shed no light on possible intermediates. Nonetheless, it is reasonable to 
suggest formation of a transient four-membered ring, which as a result of steric crowding 
and ring strain undergoes a ring expansion via proton migration to afford (2.8) (Scheme 
2.2). 
t-Bu .SiMe3 












Scheme 2.2: Proposed formation of (2.8) 
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Figure 2.5: ORTEP drawing of (2.8); 30% ellipsoids are shown, H atoms are omitted for 
clarity. Selected bond distances (A) and angles (deg): P(l)-N(l) 1.648(2), P(l)-C(12) 
1.824(3), Si(l)-N(l) 1.786(2), C(12)-C(13) 1.528(4), B(l)-C(14) 1.634(4), N(l)-B(l) 
1.636(4), N(l)-P(l)-C(12) 99.91(12), N(l)-B(l)-C(14) 105.1(2), B(l)-N(l)-P(l) 
110.61(17), B(l)-N(l)-Si(l) 116.11(16), P(l)-N(l)-Si(l) 132.80(13). 
Attempts to explore the reactivity of these heterocycles were undertaken. For example, 
reactions with a variety of donors such as pyridine or phosphines failed to effect cleavage 
of the dative B-N bonds. Attempts to react N-silyl heterocycles (2.2), (2.6), and (2.8) with 
early transition metal chlorides failed to effect metal-phosphinimide complex formation, 
resulting in no discernible reaction. Compound (2.2) was shown however to react with 
sources of HC1. For example, reaction of (2.2) with [Me3NH]Cl resulted in the formation 
of a new species, (2.9), in 73% isolated yield (Scheme 2.3). Compound (2.9) exhibits 31P 
and n B NMR signals at 77.6 and -4.3 ppm, respectively. While the }H NMR spectrum 
shows resonances attributable to the fragment in (2.2), a new doublet is observed at 5.04 
ppm. This resonance is thought to result from protonation of the phosphinimine N atom. 
These data support the formulation of (2.9) as [(C6F5)2B(Cl)CH2]f-Bu2PN(H)SiMe3. A 
crystallographic study subsequently confirmed the addition of HC1 across the B-N bond 
of (2.2), affording the phosphinammonium cation and the chloro-borate anion (Figure 
2.6). The B-Cl distance was found to be 1.935(6) A. Evidence of C l -HN hydrogen 
bonding is evident from the close approach distance of N and CI of 3.173 A. 
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Scheme 2.3: Synthesis and reactivity of heterocyclic compounds 
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Figure 2.6: ORTEP drawing of (2.9); 30% ellipsoids are shown, most hydrogen atoms 
except for the NH are omitted for clarity. Selected bond distances (A) and angles (deg): 
Si(l)-N(l) 1.767(4), B(1)-C1(1) 1.935(6), P(l)-N(l) 1.650(4), N(l)-Si(l)-C(12) 113.9(2), 
N(l)-P(l)-C(9) 109.0(2), P(l)-N(l)-Si(l) 149.1(2), B(l)-C(9)-P(l) 122.6(3), C(9)-B(l)-
Cl(l) 108.3(4). 
In an analogous fashion, compound (2.2) also reacts cleanly with methanol to give a new 
product, (2.10), in 91% isolated yield (Scheme 2.3). 'H NMR data show resonances at 
3.22 and 3.05 ppm attributable to methoxy and NH2 fragments. In addition, compound 
(2.10) exhibits a 31P NMR signal at 74.6 ppm and n B NMR resonance at -1.3 ppm. These 
data together with the ^Cj'H} and 19F NMR data support the formation of (2.10) as the 
phosphinammonium methoxy borate species [(C6F5)2B(OCH3)CH2]/-Bu2PNH2. 
Subsequent treatment of (2.10) with Me3SiCl effects metathesis of the methoxy group for 
chloride, affording the species [(C6F5)2B(Cl)CH2]/-Bu2PNH2(2.11) in 93% yield (Scheme 
2.3). This formylation was consistent with the NMR data and in particular the similar 31P 
and UB chemical shifts at 72.6 and -4.8 ppm, respectively. Further treatment of (2.11) 
with ra-BuLi effected the removal of HC1, affording the species (2.12) in 93% isolated 
yield (Scheme 2.3). On the basis of NMR parameters similar to those described above and 
the presence of a broad *H NMR signal at 1.99 ppm attributed to the NH proton, this 
species was formulated as [(CeFs^BCty^-B^PNH. This formulation was confirmed 
crystallographically (Figure 2.7). 
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Figure 2.7: ORTEP drawing of one of the two molecules of (2.12) in the asymmetric 
unit; 30% ellipsoids are shown, most hydrogen atoms except for the NH are omitted for 
clarity. Selected bond distances (A) and angles (deg): P(l)-N(l) 1.665(5), P(2)-N(2) 
1.641(5), P(l)-C(9) 1.687(6), P(2)-C(30) 1.732(6), B(l)-C(9) 1.620(8), B(2)-C(30) 
1.641(9), N(l)-B(l) 1.596(8), N(2)-B(2) 1.587(8), P(l)-B(l) 2.360(6), P(2)-B(2) 
2.351(7), N(l)-P(l)-C(9) 85.8(3), C(30)-P(2)-N(2) 86.6(3), N(l)-B(l)-C(9) 90.4(4), 
C(30)-B(2)-N(2) 91.5(4), B(l)-N(l)-P(l) 92.7(4), B(2)-N(2)-P(2) 93.5(4), B(l)-C(9)-P(l) 
91.0(4), B(2)-C(30)-P(2) 88.3(4). 
As with (2.2), (2.5), and (2.6), compound (2.12) is a four-membered ring with similar 
metric parameters. The P-N, N-B, B-C, and C-P distances were found to average 
1.653(5), 1.591(8), 1.630(8), and 1.709(6) A, respectively. The diminished steric effects 
in (2.15) results in N-P-C and N-B-C angles that average 86.2(3)° and 90.9(4)°, 
respectively. These are smaller than those found in the more hindered (2.2), (2.5), and 
(2.6) species. The corresponding B-N-P and B-C-P angles, which average 93.1(4) and 
89.7(4) A in (2.12), are slightly larger than those in the analogous described above. The 
formation of (2.11) and (2.12) reflects the basicity of the phosphinimine N in these 
heterocycles. It is noteworthy that the formation of phosphinammonium salts is often 
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observed by-products of phosphinimine syntheses, as such species are effective proton 
scavengers.93 
Aluminum derivatives of these heterocycles were also explored. Reaction of (2.12) with 
AlMe3 affords a white solid, (2.13), in 90% yield (Scheme 2.3). The species (2.13) gives 
rise to a 31P NMR signal at 74.2 ppm and a n B NMR resonance at 83.9 ppm. Of the basis 
of these data and the corresponding lH, 13C{'H}, and 19F NMR data, this species is 
formulated as the simple Lewis acid adduct [((C6F5)2BCH2]/-Bu2PNH)(AlMe3)], in which 
Al coordinates to N. In a similar reaction of (2.10) with AlMe3 a white solid, (2.14), is 
also isolated in 84% yield (Scheme 2.3). This product exhibits lH NMR resonance at 
3.05, -0.03, -0.35 ppm attributable to OMe, NH, and AlMe2 fragments. In addition, the
 31P 
and n B NMR resonances at 69.1 and 0.4 ppm are consistent with the formulation of 
(2.14) as six-membered heterocycle [((C6F5)2B(OCH3)CH2]/-Bu2PNH)(AlMe2)]. 
Repeated attempts to obtain crystals of (2.14) suitable for X-ray crystallography were 
unsuccessful, and this formulation could not be unambiguously confirmed. 
2.4 Summary and Conclusions 
Lewis acid incorporated phosphinimines prove to be convenient synthons for the 
synthesis of four- and five-membered main group heterocycles. These compounds are 
generally robust, although the B-N dative bonds can be cleaved by protonation with acid 
or alcohol. In the latter case, reaction of the phosphinammonium salt with AlMe3 affords 
the unusual six-membered heterocycle in which all six atoms are different. 
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3 Linked Phosphinimide-Cyclopentadienyl Complexes of 
Titanium 
3.1 Introduction 
The synthesis of group (VI) transition metals catalysts employing linked or bridged 
dianionic ligands for olefin polymerization is of great importance. Several advantages of 
these systems over the ones based on non-linked monoanionic ligands have been 
established. For instance, introducing a bridge between ligands increases rigidity and 
possibly induces enantioselectivity. In 1985, Kaminsky and Brintzinger and co-workers 
reported that the arcsa-metallocene rac-ethylenebis(indenyl)ZrCl2 (A) could efficiently 
polymerize propylene to isotactic polypropylene in 81%.29 The same concept was used by 
other researchers around the world to synthesize a large number of catalysts that produce 
isotactic or syndiotactic polypropylene,94"96 something that was not achievable with non-
linked ligand catalysts. Furthermore, the work on the so called constrained-geometry 
catalyst (CGC) (C5(Me4)SiMe2Nf-Bu)TiCl2 (B) in higher alpha-olefin/ethylene 
copolymerization has shown great success. By linking the cyclopentadienyl fragment to 
the amido ligand through (SiMe2) group, the metal center becomes more available to 
easily coordinate higher alpha-olefins.42"44 In addition, chelation is expected to increase 
these complexes thermal stability, something that is highly desirable in the industry. 
A B 
Figure 3.1: Ansa-Metallocene (A) and Constrained-Geometry (B) Catalysts 
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After the successful collaboration work between our group and researchers at NOVA 
Corporation that led to the discovery of Cp(7-Bu3PN)TiCl2 as an extremely active catalyst 
for ethylene polymerization under commercial conditions, '97 efforts have been made to 
modify this catalyst by linking the cyclopentadienyl group to the phosphinimide ligand. 
The difficulty here is that the linker must be long enough to maintain the linearity 
arrangement of the P-N-Ti. This was achieved using three carbon linker as in the 
compound [Cp(CH2)3P(Ph)2N]TiCl2 previously prepared by Dr. Jeffrey Stewart.98 
Unfortunately, attempts to prepare similar compounds with other substituents on P have 
failed. 
Recently, ring-closing olefin metathesis was used by groups of Hayashi" and Erker'00 to 
prepare ansa-metallocenes. In this chapter, the same method was applied to prepare few 
examples of linked phosphinimide-cyclopentadienyl titanium complexes. 
3.2 Experimental Section 
3.2.1 General Considerations 
All preparations were performed employing an atmosphere of dry, oxygen-free nitrogen 
utilizing standard Schlenk line techniques or a Vacuum Atmospheres inert atmosphere 
glovebox. 'H, " B ^ H } , 13C{1H}, 19F, and 31P{!H} NMR data were acquired on Bruker 
Avance 300 or 500 MHz spectrometers. }H and ^C^H} NMR chemical shifts are listed 
downfield from tetramethylsilane in parts per million (ppm), and were referenced to the 
residual proton or carbon peak of the solvent. 31P{1H} NMR chemical shifts were 
referenced relative to 85% H3P04 as an external standard. "B^H} and
 19F NMR 
chemical shifts were referenced relative to external standards: BF3-Et20 and 80% CCI3F 
in CDCI3, respectively. Combustion analyses were performed by University of Windsor 




Anhydrous solvents including toluene, pentane, hexanes, and CH2CI2 were purchased 
from Aldrich Chemical Co., and were purified with Grubbs' column systems 
manufactured by Innovative Technology. C6D6 and CD2CI2 were purchased from 
Cambridge Isotopes Laboratories, freeze-pump-thaw degassed (3 times) and vacuum 
distilled from the appropriate drying agents. 
3.2.3 Materials 
Hyflo Super Cel® (Celite) was purchased from Aldrich Chemical Co. and dried for 12 
hours in a vacuum oven prior to use. 4 A molecular sieves were purchased from Aldrich 








104 were prepared by literature methods, t-
Bu2(Me2CLi)PNSiMe3 (2.7) was prepared in chapter 2. 9-borabicyclo[3.3.1]nonane (9-
BBN), CH2=CHCH2Br, MeMgBr (3M in diethyl ether), TiCl4 (1M in toluene), 
[Cl2(PCy3)2Ru=CHPh], and [Cl2(PCy3)(H2IMes)Ru=CHPh] were purchased from the 
Aldrich Chemical Co and used without further purification. Cp*TiCl3 was purchased from 
the Strem Chemical Company. B(C6F5)3 and [Ph3C][B(C6F5)4] were donated by NOVA 
Chemical Corporation. 
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3.2.5 Synthesis of Phosphinimine and Substituted Cyclopentadienyl Ligands 
Synthesis of *-Bu2(CH2=CHCH2C(Me2))PNSiMe3 (3.1). 
M3u2(Me2CLi)PNSiMe3 (0.80 g; 2.85 mmol) was dissolved in 10 mL of hexanes. 
CH2=CHCH2Br (0.30 mL; 3.55 mmol) was added dropwise at 25°C. The cloudy solution 
was stirred for 3 h then filtered through celite. Hexanes were removed under vacuum to 
give a colorless oil (0.82 g; 2.60 mmol; 91%). JH NMR (C6D6, 500 MHz): 5 5.73 (m, 1H, 
CH2=C#CH2CMe2), 5.06 (dm,
 3J= 10 Hz, 1H, Ci/2=CHCH2CMe2), 5.02 (dm,
 3J = 20 Hz, 
1H, Ctf2=CHCH2CMe2), 2.54 (t, J= 7 Hz, 2H, CH2=CHCi/2CMe2), 1.18 (d,
 3JPH = 14 Hz, 
6H, CH2=CHCH2CAfe2), 1.17 (d,
 3JPH = 13 Hz, 18H, PC(C//3)3), 0.41 (s, 9H, Si(Gtf3)3). 
13C{lU} NMR (C6D6, 75 MHz): 5 134.7 (d,
 3JPC = 11 Hz, CH2=CHCH2CMe2), 118.6 (s, 
CH2=CHCH2CMe2), 43.5 (d, 'JPC = 55 Hz, CH2=CHCH2CMe2), 43.1 (s, 
CH2=CHCH2CMe2), 40.7 (d, ' j P C = 53 Hz, PC(CH3)3), 30.2 (s, PC(CH3)3), 25.4 (s, 
CH2=CHCH2CMe2), 5.2 (s, Si(CH3)3).
 31P{1H} NMR (C6D6, 121 MHz): 5 33.4. Anal. 
Calcd for Ci7H38NPSi: C, 64.71; H, 12.14; N, 4.44. Found: C, 64.24; H, 12.34; N, 4.23. 
Synthesis of f-Bu2(CH2=CHCH2)PNSiMe3 (3.2). 
N3SiMe3 (6.10 g; 52.96 mmol) was added to a toluene solution (35 mL) of t-
Bu2PCH2CH=CH2 (2.50 g; 13.44 mmol) at 25°C. The cloudy solution was heated at 70°C 
for 48 h. Toluene was removed under vacuum and the product was extracted with pentane 
then filtered through celite. Removing pentane under vacuum gave a colorless oil (3.25 g; 
11.89 mmol; 89%). lH NMR (C6D6, 500 MHz): 5 6.02 (m, 1H, CH2C//=CH2), 5.04 (dm, 
3J = 10 Hz, 1H, =CH2), 4.95 (dm,
 3J = 17 Hz, 1H, =CH2), 2.26 (m, 2H, PCH2), 1.02 (d, 
3JPH= 14 Hz, 18H, PC(Ctf3)3), 0.28 (s, 9H, Si(C#3)3).
 13C{1H} NMR (C6D6, 75 MHz): 5 
133.5 (d, 2JPC= 8 Hz, PCH2CH=CH2), 117.5 (d,
 3JPC = 10 Hz, PCH2CH=CH2), 37.1 (d, 
'JPC = 62 Hz, PC(CH3)3), 30.6 (d, ^PC = 52 Hz, PCH2), 27.6 (s, PC(CH3)3), 5.3 (s, 
Si(CH3)3).
 31P{'H} NMR (C6D6, 121 MHz): 5 24.3. Anal. Calcd for C14H32NPSi: C, 
61.49; H, 11.79;N, 5.12. Found: C, 61.22; H, 11.73; N, 4.94. 
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Synthesis of *-Bu2(MeCHCH)PNH (3.3). 
Dry MeOH (30 mL) was added to compound (3.2) (1.60 g; 5.86 mmol) at 25°C. The 
solution was stirred for 24 h. Excess MeOH was removed under vacuum to give a waxy 
material. Storage of the product under vacuum for 24 h afforded a colorless crystalline 
solid (1.00 g; 4.97 mmol; 85 %). }H NMR (C6D6, 500 MHz): 8 6.71 (m, 1H, 
MeC//=CHP), 5.81 (m, 1H, MeCH=C//P), 1.59 (dm, 3J= 7 Hz, 3H, MeCH=CHP), 1.12 
(d, 3JPH= 13 Hz, 18H, PC(C//3)3), -0.31 (br, 1H, N#).
 nC{lU} NMR (C6D6, 75 MHz): 5 
146.1 (s, MeCH=CHP), 123.1 (d, V = 68 Hz, MeCH=CHP), 34.8 (d, V = 61 Hz, 
PC(CH3)3), 27.6 (s, PC(CH3)3), 20.1 (d,
 3JPC = 15 Hz, MeCH=CHP).
 31P{!H} NMR 
(C6D6, 121 MHz): 5 43.4. Anal. Calcd for CnH24NP: C, 65.64; H, 12.02; N, 6.96. Found: 
C, 65.81; H, 12.33; N, 6.66. 
Synthesis of (CH2=CHCH2)C5Me4SiMe3 (3.4). 
(CH2=CHCH2)C5Me4H (7.90 g; 48.68 mmol; mixture of isomers) was dissolved in 200 
mL of THF. «-BuLi (19.50 mL; 48.68 mmol; 2M) was added dropwise at 25°C. The 
resulting dark orange solution was refluxed for 2 h. THF was removed under vacuum to 
give a red residue which was suspended in pentane (50 mL) and stirred overnight. A 
white solid crashed out which was filtered, washed with pentane (4 x 20 mL) and dried 
under vacuum (3.70 g of (CH2=CHCH2)C5Me4Li). The solid was re-dissolved in 100 mL 
of THF and cooled to 0°C. Me3SiCl (2.5 mL) was added slowly and the solution was 
stirred for 6 h. THF was removed under vacuum. Pentane (15 mL) was used to extract the 
product then filtered through celite. Removing pentane under vacuum, gave a yellow oil 
(4.00 g; 17.06 mmol; 35%). 'H NMR (C6D6, 500 MHz, 70°C) of predominant isomer: 5 
5.87 (m, 1H, C5Me4CH2C//=CH2), 5.03-4.88 (m, 2H, C5Me4CH2CH=C/72), 2.96-2.89 (m, 
2H, C5Me4C//2CH=CH2), 1.85-1.56 (m, 12H, Me), -0.9 (s, 9H, Si(Ci/3)3). Anal. Calcd for 
C15H26Si: C, 76.84; H, 11.18. Found: C, 76.29; H, 11.07. 
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3.2.6 Synthesis of Titanium Complexes 
Synthesis of ̂ Bu2(CH2=CHCH2C(Me2))PNTi(Cp)Cl2 (3.5). 
Compound (3.1) (0.79 g; 2.50 mmol) was added to toluene solution (30 mL) containing 
CpTiCl3 (0.55 g; 2.50 mmol) at 25°C. The orange solution was heated at 90°C for 8 h. 
Toluene was removed under vacuum to give a yellow precipitate. Pentane (20 mL) was 
added and the solution was stirred for 10 min then filtered. The yellow solid was dried 
under vacuum (0.77 g; 1.80 mmol; 73%). 'H NMR (C6D6, 500 MHz): 8 6.45 (s, 5H, Cp), 
5.51 (m, 1H, CH2=C//CH2CMe2), 5.04 (m, 2H, C/72=CHCH2CMe2), 2.53 (t, J= 6 Hz, 2H, 
CH2=CHC//2CMe2), 1.21 (d,
 3JPH= 15 Hz, 6H, CH2=CHCH2CMe2), 1.15 (d,
 3JPH= 14 Hz, 
18H, PC(C/73)3).
 13C{'H} NMR (C6D6, 75 MHz): 5 132.5 (d,
 3JPC = 11 Hz, 
CH2=CHCH2CMe2), 120.3 (s, CH2=CHCH2CMe2), 115.5 (s, Cp), 45.9 (d,
 1JPC= 43 Hz, 
CH2=CHCH2 CMe2), 42.7 (d, 'JPC = 38 Hz, PC(CH3)3), 42.6 (s, CH2=CHCH2CMe2), 30.0 
(s, PC(CH3)3), 25.4 (s, CH2=CHCH2CMe2).
 3l?{lH} NMR (C6D6, 121 MHz): 5 45.9. 
Anal. Calcd for C,9H34NPTiCl2: C, 53.54; H, 8.04; N, 3.29. Found: C, 53.24; H, 7.93; N, 
3.43. 
Synthesis of ^Bu2(CH2=CHCH2C(Me2))PNTi(C5Me5)Cl2 (3.6). 
Compound (3.1) (0.40 g; 1.27 mmol) was added to toluene solution (25 mL) containing 
Cp*TiCl3 (0.36 g; 1.24 mmol) at 25°C. The orange solution was heated at 100°C for 12 h. 
Toluene was removed under vacuum to give an orange precipitate. Pentane (20 mL) was 
added and stirred for 10 min then filtered. The orange solid was dried under vacuum (0.53 
g; 1.07 mmol; 77%). lU NMR (C6D6, 500 MHz): 5 5.59 (m, 1H, CH2=C#CH2CMe2), 
5.09 (m, 2H, Ci/2=CHCH2CMe2), 2.67 (br, 2H, CH2=CHC/72CMe2), 2.19 (s, 15H, 
C5(C#3)5), 1.28 (d,
 3JPH= 15 Hz, 6H, CH2=CHCH2CMe2), 1.27 (d,
 3JPH = 14 Hz, 18H, 
PC(C//3)3).
 l3C{lH} NMR (C6D6, 75 MHz): 8 133.1 (d,
 3JPC = 11 Hz, 
CH2=CHCH2CMe2), 125.7 (s, C5), 119.9 (s, CH2=CHCH2CMe2), 45.7 (d, 'JFC = 44 Hz, 
CH2=CHCH2CMe2), 42.9 (d,
 xhc = 40 Hz, PC(CH3)3), 42.6 (s, CH2=CHCH2CMe2), 30.4 
(s, PC(CH3)3), 25.4 (s, CH2=CHCH2CM?2), 13.5 (s, C5(CH3)5).
 31P{iH} NMR (C6D6, 121 
MHz): 8 45.7. Anal. Calcd for C24H44NPTiCl2: C, 58.07; H, 8.93; N, 2.82. Found: C, 
58.14; H, 8.91; N, 2.98. 
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Synthesis of ^Bu2(CH2=CHCH2C(Me2))PNTiCl3 (3.7). 
Compound (3.1) (1.00 g; 3.17 mmol) was diluted in 5 mL of toluene then added dropwise 
to a toluene solution (50 mL) containing TiCLj 1M (3.17 mL; 3.17 mmol) at -78°C. The 
red solution warmed up slowly to room temperature then refluxed for 5 h. Toluene was 
removed under vacuum. Fresh toluene was added and the solution was heated at 50°C 
then filtered hot through celite. Toluene was removed under vacuum to give a white solid 
(0.79 g; 2.00 mmol; 63%). !H NMR (C6D6, 500 MHz): 8 5.41 (m, 1H, 
CH2=C//CH2CMe2), 5.01 (dm,
 3J = 10 Hz, 1H, C7/2=CHCH2CMe2), 4.96 (dm,
 3J= 17 Hz, 
1H, C//2=CHCH2CMe2), 2.44 (t, J= 7 Hz, 2H, CH2=CHCi/2CMe2), 1.16 (d,
 3JPH = 15 Hz, 
6H, CH2=CHCH2CMe2), 1.09 (d,
 3JPH= 15 Hz, 18H, PC(Ci/3)3).
 uC{lU} NMR(C6D6, 75 
MHz): 5 131.5 (d, 3JPC = 12 Hz, CH2=CHCH2CMe2), 120.9 (s, CH2=CHCH2CMe2), 46.3 
(d, ^PC = 45 Hz, CH2=CHCH2CMe2), 43.2 (d,
 lhc = 38 Hz, PC(CH3)3), 42.6 (s, 
CH2=CHCH2CMe2), 29.8 (s, PC(CH3)3), 25.3 (s, CH2=CHCH2CM?2).
 31P{1H} NMR 
(C6D6, 121 MHz): 8 55.8. 
Synthesis of/-Bu2((C6F5)2BCH2CH2CH2C(Me2))PNTi(Cp)Cl2 (3.8). 
Compound (3.5) (20 mg; 0.047 mmol) and (CeFs^BH (16 mg; 0.047 mmol) were charged 
in NMR tube. 0.7 mL of CD2C12 were added. The tube was capped and shaken vigorously 
for 5 min to form a clear orange solution. The product was stable for few hours in 
solution, therefore it was only characterized by NMR. *H NMR (CD2C12, 500 MHz): 5 
6.45 (s, 5H, Cp), 2.15 (m, 2H, CH2), 2.02 (m, 2H, CH2), 1.67 (m, 2H, CH2), 1.51 (d,
 3JPH 
= 14 Hz, 18H, PC(Ci/3)3), 1.46 (d,
 3JPH = 15 Hz, 6H, BCH2CHCH2CMe2).
 19F NMR 
(CD2C12, 282 MHz): 8 -130.6 (d,
 3JFF = 20 Hz, 4F, o-F), -148.2 (t,
 3JFF = 20 Hz, 2F,p-F), -
161.8 (m, 4F, w-F). 31P{1H} NMR (CD2C12, 121 MHz): 5 49.3.
 11B{1H} NMR (CD2C12, 
96 MHz): 8 73.6 (br). 
Synthesis of/-Bu2((C6F5)2BCH2CH2CH2C(Me2))PNTiCl3 (3.9). 
Compound (3.7) (15 mg; 0.037 mmol) and (C6F5)2BH (13 mg; 0.037 mmol) were charged 
in NMR tube. 0.7 mL of CeD6 were added. The tube was capped and shaken vigorously 
for 5 min to form a clear pale yellow solution. The product was stable for few hours in 
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solution, therefore it was only characterized by NMR. *H NMR (C6D6, 500 MHz): 5 1.91 
(m, 2H, CH2), 1-87 (m, 2H, CH2), 1.61 (m, 2H, CH2), 1.17 (d,
 3JPH = 15 Hz, 6H, 
BCH2CHCH2CM?2), 1.16 (d,
 3JPH = 14 Hz, 18H, PC(C//3)3). "Cf'H} NMR (C6D6, 75 
MHz): 8 147.7 (dm, ' jC F= 246 Hz, C6F5), 142.5 (m, C6F5), 138.2 (dm, 'JCF = 254 Hz, 
C6F5), 114.5 (m, C6F5), 46.9 (d, 'jpc = 38 Hz, BCH2CHCH2CMe2), 43.4 (d, ' j P C = 38 Hz, 
PC(CH3)3), 42.7 (s, CH2), 32.5 (s, CH2), 29.7 (s, PC(CH3)3), 25.6 (s, BCH2CHCH2CM?2), 
19.8 (s, CH2).
 19F NMR (CD2C12, 282 MHz): 8 -130.5 (d,
 3JFF = 20 Hz, 4F, o-F), -146.6 (t, 
3JFF = 20 Hz, 2F, p-F), -161.8 (m, 4F, m-F).
 31P{1H} NMR (CD2C12, 121 MHz): 8 57.1. 
11B{1H} NMR (CD2C12, 96 MHz): 8 75.2 (br). 
Synthesis of ^Bu2(CH2=CHCH2C(Me2))PNTi(C5H4CH2CH=CH2)Cl2 (3.10). 
Compound (3.1) (0.73 g; 2.32 mmol) was added to toluene solution (30 mL) containing 
(C5H4CH2CH=CH2)TiCl3 (0.60 g; 2.32 mmol) at 25°C. The red solution was heated at 
90°C for 8 h. Toluene was removed under vacuum to give an orange oil (1.00 g; 2.14 
mmol; 92%). !H NMR (C6D6, 500 MHz): 8 6.43 (m, 2H, 3,4-H), 6.27 (m, 2H, 2,5-H), 
6.11 (m, 1H, CH2C//=CH2), 5.55 (m, 1H, CH2=C//CH2CMe2), 5.13-5.01 (m, 4H, 
CH2CH=C//2 and C//2=CHCH2CMe2), 3.63 (d,
 2J= 7 Hz, C//2CH=CH2), 2.56 (t, J= 6.5 
Hz, 2H, CH2=CHC//2CMe2), 1.23 (d,
 3JPH = 15 Hz, 6H, CH2=CHCH2CM?2), 1.19 (d,
 3JPH 
= 14 Hz, 18H, PC(Ci/3)3).
 l*C{lH} NMR (C6D6, 75 MHz): 8 137.8 (s, CH2CH=CH2), 
132.8 (s, ipso-CslU), 132.5 (d,
 3JPC = 11 Hz, CH2=CHCH2CMe2), 120.3 (s, 
CH2=CHCH2CMe2), 116.4 (s, CH2CH=CH2), 115.9 (s, C2, C5), 113.7 (s, C3, C4), 45.8 
(d, 'JPC = 43 Hz, CH2=CHCH2CMe2), 42.8 (d, 'JPC = 38 Hz, PC(CH3)3), 42.7 (s, 
CH2=CHCH2CMe2), 35.7 (s, CH2CH=CH2), 30.1 (s, PC(CH3)3), 25.4 (s, 
CH2=CHCH2CM?2).
 31P{'H} NMR (C6D6, 121 MHz): 8 45.7. Anal. Calcd for 
C22H38NPTiCl2: C, 56.67; H, 8.21; N, 3.00. Found: C, 56.99; H, 8.19; N, 3.05. 
Synthesis of/-Bu2(MeCHCH)PNTi(NMe2)3 (3.11). 
Compound (3.3) (0.45 g; 2.24 mmol) in 5 mL of toluene was added dropwise over 15 min 
period to a toluene solution (10 mL) containing Ti(NMe2)4 (0.50 g; 2.24 mmol). The 
solution was heated at 80°C for 8 h. Toluene was removed under vacuum to give orange 
oil (0.79 g; 2.08 mmol; 93%). JH NMR (C6D6, 500 MHz): 8 7.03 (m, 1H, MeC//=CHP), 
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5.68 (dd, 2JPH= 30 Hz,
 3J= 17 Hz, 1H, MeCH=C#P), 3.39 (s, 18H, N(C#3)2), 1.67 (dm, 
3J = 7 Hz, 3H, AfeCH=CHP), 1.15 (d, 3JPH = 14 Hz, 18H, PC(C//3)3). "C^H} NMR 
(C6D6, 75 MHz): 5 147.4 (s, MeCH=CHP), 120.8 (d,
 1JPC= 75 Hz, MeCH=CHP), 46.6 (s 
N(CH3)2), 35.7 (d,
 1JPC= 53 Hz, PC(CH3)3), 27.5 (s, PC(CH3)3), 20.4 (d,
 3JPC = 15 Hz, 
MeCH=CHP). 31P{]H} NMR (C6D6, 121 MHz): 8 16.1. Anal. Calcd for Ci7H4iN4PTi: C, 
53.68; H, 10.86; N, 14.73. Found: C, 53.47; H, 11.11; N, 14.51. 
Synthesis of f-Bu2(MeCHCH)PNTiCl3 (3.12). 
Me3SiCl (0.25 mL; 1.97 mmol) was added to a toluene solution (5 mL) of compound 
(3.11) (0.15 g; 0.39 mmol) at 25°C. The cloudy solution was stirred overnight then 
pumped to dryness. The product was washed with pentane (5 mL) then dried under 
vacuum (0.12 g; 0.34 mmol; 88%). !H NMR (C6D6, 500 MHz): 5 7.41 (m, 1H, 
MeC#=CHP), 5.05 (dd, 2JPH = 30 Hz,
 3J = 17 Hz, 1H, MeCH=C#P), 1.44 (d, 3J = 7 Hz, 
3H, M?CH=CHP), 0.99 (d, 3JPH = 16 Hz, 18H, PC(C//3)3).
 13C{'H} NMR (C6D6, 75 
MHz): 5 154.3 (s, MeCH=CHP), 112.2 (d, 1JPC= 75 Hz, MeCH=CHP), 37.9 (d,
 1JPC= 53 
Hz, PC(CH3)3), 26.7 (s, PC(CH3)3), 20.8 (d,
 3JPC = 15 Hz, MeCH=CHP).
 31P{1H} NMR 
(C6D6, 121 MHz): 5 40.1. Anal. Calcd for CnH23NPTiCl3: C, 37.27; H, 6.54; N, 3.95. 
Found: C, 37.37; H, 6.68; N, 3.95. Crystals of f-Bu2(MeCHCH)PNTiCl3(THF) 
(3.12)*THF were isolated by recrystallization of (3.12) from THF/hexane. 
Synthesis of ^Bu2(H2C=CHCH2)PNTiCl3 (3.13). 
Compound (3.2) (1.0 g; 3.66 mmol) was dissolved in 8 mL of toluene then added 
dropwise to toluene (50 mL) solution of TiCl4 (3.9 mL, 3.90 mmol, 1 M) at -78°C. The 
dark red solution was stirred at -78°C for 30 min, warmed up slowly to 25°C, and finally 
it was refluxed for 12 h then filtered hot. The solvent was removed under vacuum to give 
a solid which was washed with pentane ( 2 x 5 mL) and dried under vacuum (1.00 g; 2.82 
mmol; 78%). lH NMR (C6D6, 500 MHz): 8 5.95 (m, 1H, CH2Ctf=CH2), 5.04 (dm,
 3J= 10 
Hz, 1H, =CH2), 4.90 (dm,
 3J = 17 Hz, 1H, =CH2), 2.09 (ddm,
 2JPH = 11 Hz,
 3J = 10 Hz, 
2H, PCi/2), 0.89 (d,
 3JPH = 15 Hz, 18H, PC(C//3)3).
 13C{1H} NMR (C6D6, 75 MHz): 8 
128.7 (s, CH2CH=CH2), 122.0 (d,
 3JPC = 11 Hz, CH2CH=CH2), 38.9 (d, ' j P C = 48 Hz, 
PC(CH3)3), 28.4 (d, 'JPC= 48 Hz, PCH2), 26.9 (s, PC(CH3)3).
 31P{'H} NMR (C6D6, 121 
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MHz): 5 46.5. Anal. Calcd for CnH23NPTiCl3: C, 37.27; H, 6.54; N, 3.95. Found: C, 
36.99; H, 6.48; N, 3.65. 
Synthesis of f-Bu2(CH2=CHCH2)PNTi(C5H4C(Me)=CH2)CI2 (3.14). 
[C5H4C(Me)=CH2]Li (0.08 g; 0.71 mmol) was dissolved in 3 mL of THF then added 
dropwise to a THF solution of compound (3.13) (0.253 g; 0.71 mmol) at 25°C. The 
solution was stirred for 6 h then pumped to dryness. Toluene was added (10 mL) and the 
mixture was heated at 100°C for 5 min then cooled. After Alteration, toluene was 
removed under vacuum to give a dark orange powder (0.21 g; 0.49 mmol; 70%). !H NMR 
(C6D6, 500 MHz): 5 6.60 (m, 2H, 3,4-H), 6.37 (m, 2H, 2,5-H), 6.09 (m, 1H, 
CH2Gtf=CH2), 5.50 and 5.07 (s each, 1H, (Me)OGtf2), 5.02 (dm,
 3J = 10 Hz, 1H, 
CH2CH=C//2), 4.90 (dm,
 3J = 17 Hz, 1H, CH2CH=C//2), 2.27 (dd,
 2JPH = 10 Hz,
 3J= 7 Hz, 
2H, PGf/2), 2.18 (s, 3H, (Me)C=CH2), 1.01 (d,
 3JPH = 15 Hz, 18H, PC(C#3)3).
 13C{!H} 
NMR (C6D6, 75 MHz): 5 119.9 (s, CH2CH=CH2), 114.1 (s, C2, C5), 113.7 (s, C3, C4), 
112.7 (s, (Me)C=CH2), 39.1 (d, ' j P C = 53 Hz, PC(CH3)3), 28.4 (d, ^ = 5 3 Hz, PCH2), 
27.1 (s, PC(CH3)3), 22.1 (s, (M?)C=CH2).
 31P{1H} NMR (C6D6, 121 MHz): 5 37.1. Anal. 
Calcd for Ci9H32NPTiCl2: C, 53.79; H, 7.60; N, 3.30. Found: C, 53.52; H, 7.49; N, 2.99. 
Synthesis of f-Bu2(CH2=CHCH2)PNTi(CpCH2CH=CH2)Cl2 (3.15). 
(CpCH2CH=CH2)TiCl3 (2.81 g; 10.84 mmol) was dissolved in 50 mL of toluene. 
Compound (3.2) (2.96 g; 10.84 mmol) was added dropwise with stirring at 25°C. The 
orange solution was heated at 80°C for 12 h. Toluene was removed under vacuum to give 
a yellow solid which was washed with pentane ( 2 x 5 mL) and dried under vacuum (4.43 
g; 10.45 mmol; 96%). !H NMR (C6D6, 500 MHz): 8 6.40 (m, 2H, 3,4-H), 6.27 (m, 2H, 
2,5-H), 6.07 (m, 2H, CH2C//=CH2), 5.03 (m, 4H, CH2CH=C#2), 3.61 (d,
 2J = 6 Hz, 
CpCff2CH=CH2), 2.25 (ddm,
 2JPH= 11 Hz,
 3J= 7 Hz, 2H, PCtf2CH=CH2), 1.02 (d,
 3JPH = 
15 Hz, 18H, PC(C//3)3).
 13C{XH} NMR (C6D6, 75 MHz): 5 137.7 (s, CpCH2CH=CH2), 
132.6 (s, ipso-C5H4l 130.6 (d,
 2JPC = 8 Hz, PCH2CH=CH2), 120.1 (d,
 3JPC = 10 Hz, 
PCH2CH=CH2), 116.4 (s, CpCH2CH=CH2), 115.9 (s, C2, C5), 113.9 (s, C3, C4), 39.0 (d, 
1JPC= 52 Hz, PC(CH3)3), 35.6 (s, CpCH2CH=CH2), 29.1 (d,
 1JPC= 50 Hz, PCH2CH=CH2), 
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27.3 (s, PC(CH3)3).
 31P{]H} NMR (C6D6, 121 MHz): 5 36.9. Anal. Calcd for 
Ci9H32NPTiCl2: C, 53.79; H, 7.60; N, 3.30. Found: C, 53.99; H, 7.56; N, 3.30. 
Synthesis of ^Bu2(CH2=CHCH2)PNTi(CpCH2CH=CH2)Me2 (3.16). 
MeMgBr 3M (0.98 mL; 2.95 mmol) was added dropwise to diethyl ether (10 mL) 
solution of compound (3.15) (0.250 g; 0.59 mmol) at -35°C. The cloudy solution was 
stirred for 8 h at 25°C. The solvent was removed under vacuum, and the product was 
extracted with 5 mL of hexanes then filtered through celite. Removing hexanes under 
vacuum gave a red oil (0.200 g; 0.52 mmol; 89%). *H NMR (C6D6, 500 MHz): 5 6.15 (m, 
2H, CH2Ctf=CH2), 6.12 (m, 2H, 3,4-H), 5.91 (m, 2H, 2,5-H), 5.19 (d,
 3J = 17 Hz, 1H, 
CpCH2C#=CH2), 5.06 (d,
 3J = 10 Hz, 1H, CpCH2C/f=CH2), 5.03 (d,
 3J = 10 Hz, 1H, 
PCH2Ctf=CH2), 4.93 (d,
 3J = 17 Hz, 1H, PCH2C#=CH2), 3.47 (d,
 3J = 7 Hz, 2H, 
CpC//2CH=CH2), 2.33 (m, 2H, PC/f2CH=CH2), 1.09 (d,
 3JPH = 14 Hz, 18H, PC(C#3)3), 
0.64 (s, 6H, Ti(Cf/3)2). "C^H} NMR (C6D6, 75 MHz): 5 138.9 (s, CpCH2CH=CH2), 
132.3 (d, 2JPC = 7 Hz, PCH2CH=CH2), 126.3 (s, ipso-CsH*), 118.4 (d,
 3JPC = 11 Hz, 
PCH2CH=CH2), 115.5 (s, CpCH2CH=CH2), 111.7 (C2, C5), 109.4 (C3, C4), 41.1 (s, 
Ti(CH3)2), 38.4 (d,
 1JPC= 54 Hz, PC(CH3)3), 35.5 (s, CpCH2CH=CH2), 30.1 (d,
 1JPC= 52 
Hz, PCH2CH=CH2), 27.6 (s, PC(CH3)3).
 31P{1H} NMR (C6D6, 121 MHz): 5 22.4. Anal. 
Calcd for C2iH38NPTi: C, 65.79; H, 9.99; N, 3.65. Found: C, 65.97; H, 9.63; N, 3.39. 
Synthesis of f-Bu2(CpCH2CH=CHCH2)PNTiCl2 (3.17). 
[Cl2(PCy3)2Ru=CHPh] (0.080 g; 0.097 mmol, 8 mol%) was dissolved in 350 mL of 
toluene in a 500 mL round bottom flask and heated at 50°C. Compound (3.15) (0.5 g; 
1.18 mmol) was dissolved in 15 mL of toluene and slowly added over a 6 h period using a 
syringe pump. The resulting red solution was stirred for extra 10 h at the same 
temperature. The solution was concentrated to ~ 30 mL then filtered through celite. 
Cooling the red solution at -35°C for 3 days gave a yellow precipitate which was collected 
and washed with pentane ( 2 x 3 mL) then finally dried under vacuum (0.22 g; 0.56 mmol; 
49%). !H NMR (C6D6, 500 MHz): 8 6.51 (m, 2H, 3,4-H), 5.97 (m, 2H, 2,5-H), 5.83 (m, 
1H, CH), 5.09 (m, 1H, CH), 3.13 (m, CpCH2), 1.90 (m, ?CH2), 0.97 (d,
 3JPH=14 Hz, 18H, 
PC(C#3)3).
 nC{lU} NMR (C6D6, 75 MHz): 5 132.6 (d, JPC= 7 Hz, CH), 131.1 (s, ipso-
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C5H4), 120.8 (d, JPC= 10 Hz, CH), 118.2 (s, C-3,4), 112.2 (s, C-2,5), 39.1 (d, 'JPC= 52 Hz, 
PC(CH3)3), 29.3 (s, CpCH2), 27.4 (s, PC(CH3)3), 20.1 (d,
 1JPC= 50 Hz, PCH2).
 31P{JH} 
NMR (C6D6, 121 MHz): 5 42.0. Anal. Calcd for Ci7H28NPTiCl2: C, 51.54; H, 7.12; N, 
3.54. Found: C, 52.09; H, 6.90; N, 3.56. 
Synthesis of *-Bu2(CpCH2CH2CH(B(C8Hi4)CH2)PNTiCl2 (3.18). 
3 Compound (3.17) (0.3 g; 0.76 mmol) and 9-BBN (0.90 
&S a, g; 7.38 mmol; 10 eq.) were dissolved in 10 mL of 
_ \ Ti^ CH2C12 then refluxed for 48 h. The solvent was removed 
^ \ \ J-^ N Cl 
e \ J > B ' v p ' under vacuum and the solid was washed with hexanes (3 
c -=^L_/ u x 10 mL) to remove the unreacted 9-BBN. The solid was 
d 
re-dissolved in 3 mL of CH2C12 and cooled at -35°C for 3 
days which gave a yellow precipitate. The solid was filtered cold, washed with 3 mL of 
pentane then dried under vacuum (0.11 g; 0.21 mmol; 28%). 'H NMR (CD2C12, 500 
MHz): 5 6.39, 6.33, 6.24 6.08 (each m, Cp-//), 3.26 (ddd, 2J = 16 Hz, 3J = 6 Hz, 3J = 2.5 
Hz, 1H, CpCH), 2.87 (ddd, 2J = 17 Hz, 3J = 7 Hz, 3J = 3 Hz, 1H, CpC/T), 2.53 (m, 1H, 
BCH), 2.32 (m, 1H, CpCH2C#), 2.14 (m, 1H, PC//), 1.97, 1.86, 1.82 (each brm, b, a and 
d-H), 1.73 (m, 1H, ?CH), 1.65 (m, 1H, CpCH2C/f), 1.38 (d,
 2JPC =15 Hz, PC(C//3)3), 
1.33 (d, 2JPC =15 Hz, PC(Ci/3)3). 1.32 (m, c-H).
 13C{]H} NMR (CD2C12, 75 MHz): 8 
131.1 (1/W0-C5H4), 118.5, 117.8 (each CH, C-2,5), 113.8, 112.5 (eachCH, C-3,4), 40.5 (d, 
1JPC= 53 Hz, PC(CH3)3), 38.6 (d, ^ = 5 1 Hz, PC(CH3)3), 34.6, 34.1 (each CH2, C- b, d), 
31.6 (br, C- a), 29.2 (s, PCH2CHB), 27.8 (s, CpCH2CH2), 27.7 (s, PC(CH3)3), 27.5 (s, 
PC(CH3)3), 26.7 (s, CpCH2), 23.7 (s, CH2, C- c), 20.9 (d,
 1JPC= 45 Hz, PCH2).
 31P{'H} 
NMR (CD2C12, 121 MHz): 5 44.1. "B^H} NMR (CD2C12, 96 MHz): 5 86.8 (br). Anal. 
Calcd for C25H43NPTiBCl2: C, 57.95; H, 8.36; N, 2.70. Found: C, 57.66; H, 8.22; N, 2.51. 
Synthesis of/-Bu2(CpCH2CH=CHCH2)PNTiMe2 (3.19). 
MeMgBr 3M (0.55 mL; 1.64 mmol) was added dropwise to diethyl ether (10 mL) 
solution of compound (3.17) (0.13 g; 0.33 mmol) at -35°C. The cloudy solution was 
stirred for 12 h at 25°C. The solvent was removed under vacuum, and the product was 
extracted with hot hexanes ( 2 x 5 mL) then filtered through celite. After removing 
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hexanes, the solid was dried under vacuum (0.10 g; 0.28 mmol; 86%). JH NMR (C^D^, 
500 MHz): 5 6.66 (m, 2H, 3,4-H), 5.79 (m, 1H, CH), 5.69 (m, 2H, 2,5-H), 5.13 (m, 1H, 
CH), 2.97 (d, 3J = 8 Hz, 2H, CpC/fc), 2.08 (m, 2H, VCH2), 1.08 (d,
 3JPH = 14 Hz, 18H, 
PC(C//3)3), 0.67 (s, 6H, Ti(C//3)2). "Cf'H} NMR (C6D6, 75 MHz): 8 132.5 (s, CH), 
123.5 (s, ipso-C5H4), 120.9 (s, CH), 112.9 (C-3,4), 109.4 (C-2,5), 40.1 (s, Ti(CH3)2), 38.2 
(d, 'JPC = 55 Hz, PC(CH3)3), 28.7 (s, CpCH2), 27.7 (s, PC(CH3)3), 22.3 (d,
 ]JPC = 43 Hz, 
PCH2).
 31P{'H} NMR (C6D6, 121 MHz): 5 27.4. Anal. Calcd for Ci9H34NPTi: C, 64.22; 
H, 9.64; N, 3.94. Found: C, 64.15; H, 9.54; N, 3.85. 
Synthesis of (CH^CHCHiCgMe^TiCfe (3.20). 
Compound (3.4) (2.0 g; 8.53 mmol) was dissolved in 5 mL of hexanes then added 
dropwise to hexanes (100 mL) solution of TiCl4 (8.6 mL, 8.60 mmol, 1 M) at -78°C. The 
orange solution turned dark red with some black precipitate. The solution was warmed up 
slowly to 25°C then was refluxed for 30 min. It was filtered through celite then cooled to -
35°C overnight. The product precipitated as a red solid which was collected and dried 
under vacuum (1.60 g; 5.07 mmol; 60%). !H NMR (C6D6, 500 MHz): 8 5.93 (m, 1H, 
C5Me4CH2C#=CH2), 4.79 (dd,
 3J = 10 Hz, 2J = 1.6 Hz, 1H, C5Me4CH2CH=C//2), 4.61 
(dd, 3J = 17 Hz, 2J = 1.6 Hz, 1H, C5Me4CH2CH=C#2), 3.34 (d,
 3J = 6 Hz, 2H, 
C5Me4C//2CH=CH2), 1.99 (s, 6H, C5(Ci/3)4), 1.91 (s, 6H, C5(C//3)4). ^C^H} NMR 
(C6D6, 75 MHz): 8 137.9 (s, C5), 137.7 (s, C5), 134.8 (s, C5Me4CH2CH=CH2), 116.5 (s, 
C5Me4CH2CH=CH2), 33.6 (s, C5Me4CH2CH=CH2), 14.3 (s, C5(CH3)4). Anal. Calcd for 
Ci2H17Cl3Ti: C, 45.68; H, 5.43. Found: C, 45.75; H, 5.80. 
Synthesis of ^Bu2(CH2<:HCH2)PNTi(C5Me4CH2CH=CH2)Cl2 (3.21). 
Compound (3.20) (0.81 g; 2.57 mmol) was dissolved in 50 mL of toluene. Compound 
(3.2) (0.70 g; 2.57 mmol) was added drop wise with stirring at 25°C. The red solution was 
heated at 80°C for 12 h. Toluene was removed under vacuum to give a red solid which 
was suspended in 10 mL of pentane then stirred for 2 h to form an orange solid. The solid 
was filtered then dried under vacuum (0.95 g; 1.98 mmol; 77%). !H NMR (C6D6, 500 
MHz): 8 6.31 (m, 1H, C5Me4CH2C//=CH2), 5.83 (m, 1H, PCH2C#=CH2), 4.95 (m, 4H, 
=C//2), 3.57 (dm,
 3J= 6 Hz, 2H, C5Me4C#2CH=CH2), 2.62 (ddm,
 2JPH= 10 Hz,
 3J= 7 Hz, 
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2H, PC//2CH=CH2), 2.24 (s, 6H, C5(CH3)4), 2.18 (s, 6H, C5(C//3)4), 1.10 (d,
 3JPH = 15 Hz, 
18H, PC(Ctf3)3).
 13C{!H} NMR (C6D6, 75 MHz): 5 137.3 (C5Me4CH2CH<:H2), 131.7 
(d, 2JpC= 7 Hz, PCH2CH=CH2), 127.0 (s, C5), 126.5 (s, C5), 126.1 (s, C5), 119.4 (d,
 3JPC = 
12 Hz, PCH2CH=CH2), 115.1 (s, C5Me4CH2CH=CH2), 39.1 (d,
 lhc= 52 Hz, PC(CH3)3), 
33.1 (s, C5Me4CH2), 31.4 (d, ' j P C = 50 Hz, PCH2CH=CH2), 27.8 (s, PC(CH3)3), 13.5 (s, 
C5(CH3)4). ^Pl 'H} NMR (C6D6, 121 MHz): 8 35.9. Anal. Calcd for C23H40NPTiCl2: C, 
57.51; H, 8.39; N, 2.92. Found: C, 57.16; H, 8.63; N, 2.84. 
Synthesis of f-Bu2(CH2=CHCH2)PNTi(C5Me4CH2CH=CH2)Me2 (3.22). 
MeMgBr 3M (0.62 mL; 1.88 mmol) was added dropwise to diethyl ether (7 mL) solution 
of compound (3.21) (0.18 g; 0.38 mmol) at -35°C. The cloudy solution was stirred for 5 h 
at 25°C. The solvent was removed under vacuum, and the product was extracted with 5 
mL of hexanes then filtered through celite. Removing hexanes under vacuum gave a dark 
red oil (0.16 g; 0.36 mmol; 96%). *H NMR (C6D6, 500 MHz): 5 6.29 (m, 1H, 
C5Me4CH2C//=CH2), 5.97 (m, 1H, PCH2Ctf=CH2), 5.02 (m, 4H, =CH2), 3.27 (dm,
 3J= 6 
Hz, 2H, C5Me4C//2CH=CH2), 2.54 (dd,
 2JPH= 10 Hz,
 3J= 7 Hz, 2H, PC//2CH=CH2), 2.08 
(s, 6H, C5(C/f3)4), 2.04 (s, 6H, C5(C#3)4), 1.17 (d,
 3JPH= 14 Hz, 18H, PC(C/f3)3), 0.4 (s, 
6H, Ti(C/f3)2). ^C^H} NMR (C6D6, 75 MHz): 8 138.4 (C5Me4CH2CH=CH2), 133.0 (d, 
2JPC= 7 Hz, PCH2CH=CH2), 120.1 (s, C5), 119.2 (s, C5), 118.9 (s, C5), 118.2 (d,
 3JPC= 11 
Hz, PCH2CH=CH2), 114.5 (s, C5Me4CH2CH=CH2), 43.7 (s, Ti(CH3)2), 38.9 (d,
 lJK = 52 
Hz, PC(CH3)3), 32.4 (s, C5Me4CH2), 32.0 (d, ^ c = 5 1 Hz, PCH2CH=CH2), 28.1 (s, 
PC(CH3)3), 12.5 (s, C5(CH3)4), 12.4 (s, C5(CH3)4).
 3IP{'H} NMR (C6D6, 121 MHz): 8 
21.7 Anal. Calcd for C25H46NPTi: C, 68.32; H, 10.55; N, 3.19. Found: C, 67.95; H, 10.56; 
N, 2.81. 
Synthesis of f-Bu2(C5Me4CH2CH=CHCH2)PNTiCl2 (3.23). 
[Cl2(PCy3)2Ru=CHPh] (0.068 g; 0.083 mmol, 8 mol%) was dissolved in 350 mL of 
toluene in a 500 mL round bottom flask and heated at 50°C. Compound (3.21) (0.50 g; 
1.04 mmol) was dissolved in 15 mL of toluene and slowly added over a 6 h period using a 
syringe pump. The resulting red solution was stirred for extra 12 h. The solution was 
concentrated to ~ 30 mL then filtered through celite. Cooling the red solution at -35°C for 
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3 days gave a yellow precipitate which was collected and washed with pentane ( 2 x 3 rnL) 
then finally dried under vacuum (0.23 g; 0.51 mmol; 49%). JH NMR (C6D6, 500 MHz): 8 
6.15 (m, 1H, CH), 5.19 (m, 1H, CH), 2.23 (s, 6H, C5(C//3)4), 2.06 (brs, 6H, C5(Ci/3)4), 
1.02 (d, 3JPH= 14 Hz, 18H, PC(Gf/3)3), CH2 groups not seen. 'H NMR (C6D6, 500 MHz, 
70°C): 5 6.21 (m, 1H, CH), 5.29 (m, 1H, CH), 3.37 (m, C5Me4C//2), 2.23 (m, PC//2), 2.21 
(s, 6H, C5(CH3)4), 2.06 (s, 6H, C5(Ci/3)4), 1.09 (d,
 3JPH= 14 Hz, 18H, PC(C#3)3). "Cf'H} 
NMR (C6D6, 75 MHz, 70°C): 5 133.6 (d, JPC = 7 Hz, CH), 126.9 (s, C5), 124.8(s, C5), 
123.6 (s, C5), 120.8 (d, JPC = 10 Hz, CH), 39.8 (d, ^PC = 53 Hz, PC(CH3)3), 30.4 (s, 
C5Me4CH2), 27.9 (s, PC(CH3)3), 21.7 (d,
 1JPC = 43 Hz, PCH2), 14.3 (s, C5(CH3)4), 12.7 (s, 
C5(CH3)4).
 31P{!H} NMR (C6D6, 121 MHz): 5 41.3. Anal. Calcd for C21H36NPTiCl2: C, 
55.77; H, 8.02; N, 3.10. Found: C, 55.81; H, 8.30; N, 3.07. 
Synthesis of/-Bu2(C5Me4CH2CH=CHCH2)PNTiMe2 (3.24). 
MeMgBr 3M (0.27 mL; 0.83 mmol) was added dropwise to diethyl ether (4 mL) solution 
of compound (3.23) (0.075 g; 0.17 mmol) at -35°C. The cloudy solution was stirred for 3 
h at 25°C. The solvent was removed under vacuum, and the product was extracted with 
hot hexanes ( 2 x 3 mL) then filtered through celite. After removing hexanes, the solid was 
dried under vacuum (0.066 g; 0.16 mmol; 97%). *H NMR (C6D6, 500 MHz): 5 6.10 (m, 
1H, CH), 5.20 (m, 1H, CH), 3.08 (br, 2H, C5Me4CH2), 2.24 (s, 6H, C5(C//3)4), 1.90 (s, 
6H, C5(C#3)4), 1.11 (d,
 3JPH= 14 Hz, 18H, PC(C//3)3), 0.42 (s, 6H, Ti(C//3)2), PCH2 not 
seen. !H NMR (C6D6, 300 MHz, 70°C): 5 6.17 (m, 1H, CH), 5.25 (m, 1H, CH), 3.10 (d, 
3JPH = 8 Hz, C5Me4Cff2), 2.29 (m, 2H, PC//2), 2.29 (s, 6H, C5(Ci/3)4), 1.89 (s, 6H, 
C5(C//3)4), 1.16 (d,
 3JPH= 14 Hz, 18H, PC(C//3)3), 0.33 (s, 6H, Ti(Gtf3)2).
 i3C{lU} NMR 
(C6D6, 75 MHz): 5 133.3 (d, JPC = 8 Hz, CH), 120.7 (d, JPC = 9 Hz, CH), 119.2 (s, C5), 
118.9 (s, C5), 116.4 (s, C5), 41.8 (s, Ti(CH3)2), 38.6 (d, ' JPC^ 55 Hz, PC(CH3)3), 29.2 (s, 
C5Me4CH2), 28.0 (s, PC(CH3)3), 22.7 (d, ' jpc^ 44 Hz, PCH2), 13.4 (s, C5(CH3)4), 12.2 (s, 
C5(CH3)4).
 31P{1H} NMR (C6D6, 121 MHz): 5 27.2. Anal. Calcd for C23H42NPTi: C, 
67.14; H, 10.29; N, 3.40. Found: C, 66.97; H, 9.98; N, 3.11. 
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Synthesis of f-Bu2(CH2=CHCH2)PNTi(C9H6CH2CH=CH2)Cl2 (3.25). 
[C9H6CH2CH=CH2]Li (0.36 g; 2.22 mmol) was dissolved in 15 mL of toluene/THF 
mixture then added drop wise to toluene (30 mL) solution of compound (3.13) (0.79 g; 
2.23 mmol) at 25°C. The solution was stirred overnight then pumped down to dryness. 
The resulting solid was suspended in 50 mL of hexanes, heated till boiling point then 
filtered hot. The solvent was removed under vacuum to give an orange solid (0.73 g; 1.54 
mmol; 69%). !H NMR (C6D6, 500 MHz): 5 7.74 (m, 2H, phenyl), 7.19 (m, 2H, phenyl), 
6.69 (d, 3J = 3 Hz, 1H, 3-position), 6.54 (d, 3J = 3 Hz, 1H, 2-position), 6.11 (m, 2H, 
CH2=C//CH2), 5.15 (dm, J = 17 Hz, 1H, CH2CH=Gtf2), 5.05 (dm, J = 10 Hz, 2H, 
CH2CH=Ci/2), 4.92 (dm, J= 17 Hz, 1H, CH2CH=Ci/2), 3.93 (m, 2H, C9H6Ci/2CH=CH2), 
2.29 (ddm, 2JPH = 12 Hz,
 3J = 7 Hz, 2H, PC#2CH=CH2), 1.06 (d,
 3JPH = 15 Hz, 18H, 
PC(C#3)3). "C^H} NMR (C6D6, 75 MHz): 5 136.7 (C9H6CH2CH=CH2), 129.7 (d,
 2JPC = 
8 Hz, PCH2CH=CH2), 125.4, 125.3, 124.5 and 122.5 (s, Phenyl CH), 119.1 (d,
 3JPC= 11 
Hz, PCH2CH=CH2), 115.3 (s, C9H6CH2CH=CH2), 114.6 (s, Cp-C, 3-position), 102.0 (a, 
Cp-C, 2-position), 38.1 (d, 1JPC = 49 Hz, PC(CH3)3), 33.5 (s, C9H6CH2CH=CH2), 28.6 (d, 
1JPC= 51 Hz, PCH2), 26.5 (s, PC(CH3)3).
 31P{'H} NMR (C6D6, 121 MHz): 5 36.3. Anal. 
Calcd for C23H34NPTiCl2: C, 58.25; H, 7.23; N, 2.95. Found: C, 58.05; H, 6.97; N, 2.65. 
Synthesis of/-Bu2(CH2=CHCH2)PNTi(C9H6CH2CH=CH2)Me2 (3.26) . 
MeMgBr 3M (0.87 mL; 2.64 mmol) was added drop wise to diethyl ether (10 mL) 
solution of compound (3.25) (0.25 g; 0.53 mmol) at -35°C. The cloudy solution was 
stirred overnight at 25°C. The solvent was removed under vacuum, and the product was 
extracted with hexanes (2 x 10 mL) then filtered through celite. The solvent was removed 
under vacuum to give a brown solid (0.18 g; 0.42 mmol; 79%). !H NMR (C6D6, 500 
MHz): 5 7.74 (m, 1H, phenyl), 7.57 (m, 1H, phenyl), 7.17 (m, 2H, phenyl), 6.13 (m, 2H, 
CH2=C#CH2), 6.10 (d,
 3J= 4 Hz, 1H, 3-position), 5.89 (d, 3J= 4 Hz, 1H, 2-position), 5.17 
(dm, J= 17 Hz, 1H, CH2CH=C//2), 5.05 (dm, J = 10 Hz, 2H, CH2CH=Ci/2), 4.94 (dm, J = 
17 Hz, 1H, CH2CH=C#2), 3.81 (dm, J = 7 Hz, 1H, C9H6C#2CH=CH2), 3.57 (dm, J = 6 
Hz, 1H, C9H6C#2CH=CH2), 2.33 (m, 2H, PGtf2CH=CH2), 1.07 (d,
 3JPH = 14 Hz, 18H, 
PC(Ci/3)3), 0.35 (s, 3H, Ti(Ci/3)), -0.04 (s, 3H, Ti(C#3)).
 13C{1H} NMR (C6D6, 75 MHz): 
5 138.5 (s, C9H6CH2CH=CH2), 132.2 (d,
 2JPC= 8 Hz, PCH2CH=CH2), 126.2, 123.7, 123.4 
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and 123.1 (s, phenyl), 118.7 (d, 3JPC = 11 Hz, PCH2CH=CH2), 115.6 (s, 
C9H6CH2CH=CH2), 113.0 (Cp-C, 3-position), 97.8 (Cp-C, 2-position), 46.0 (s, Ti(CH3)), 
44.8 (s, Ti(CH3)), 38.5 (d, ^PC = 55 Hz, PC(CH3)3), 33.6 (s, C9H6CH2CH=CH2), 30.1 (d, 
1JPC= 51 Hz, PCH2), 27.6 (s, PC(CH3)3).
 31P{'H} NMR (C6D6, 121 MHz): 8 22.7. Anal. 
Calcd for C25H4oNPTi: C, 69.28; H, 9.30; N, 2.23. Found: C, 69.64; H, 8.99; N, 2.42. 
Synthesis of f-Bu2(C9H6CH2CH=CHCH2)PNTiCl2 (3.27). 
[Cl2(PCy3)(H2IMes)Ru=CHPh] (0.07 g; 0.082 mmol, 8 mol%) was dissolved in 350 mL 
of toluene in a 500 mL round bottom flask and heated at 50°C. Compound (3.25) (0.5 g; 
1.05 mmol) was dissolved in 15 mL of CH2C12 and slowly added over a 6 h period using a 
syringe pump. Another amount [Cl2(PCy3)(H2IMes)Ru=CHPh] (0.07 g) was added after 2 
h from the beginning of the reaction. The resulting red solution was stirred for extra 12 h. 
The solution was concentrated to ~ 40 mL then filtered through celite. Cooling the red 
solution at -35°C for 3 days gave a red precipitate which was collected and washed with 
pentane ( 2 x 3 mL) then finally dried under vacuum (0.23 g; 0.51 mmol; 49%). 'H NMR 
(C6D6, 500 MHz): 5 7.57 (m, 1H, phenyl), 7.41 (m, 1H, phenyl), 7.14 (m, 2H, phenyl), 
6.85 (d, 3J= 3 Hz, 1H, 3-position), 6.42 (d, 3J= 3 Hz, 1H, 2-position), 6.03 (m, 1H, CH), 
5.25 (m, 1H, CH), 3.85 (m, 1H, CH), 3.17 (m, 1H, CH), 2.53 (m, 1H, CH), 1.65 (m, 1H, 
CH), 0.97 (d, 3JPH= 14 Hz, 9H, PC(Ci/3)3), 0.94 (d,
 3JPH= 14 Hz, 9H, PC(C/f3)3). *C{
XYL} 
NMR (C6D6, 75 MHz): 8 133.0 (d, JPC = 8 Hz, CH), 126.7, 126.3, 126.1 and 123.0 (s, 
Phenyl CH), 121.5 (d, JPC= 11 Hz, CH), 115.6 (s, Cp-C, 3-position), 109.2 (s, C9H6, 2-
position), 39.4 and 39.1 (each d, 'jpc = 51 HZ, PC(CH3)3), 28.0 (s, C9H6CH2), 27.8 and 
27.2 (each s, PC(CH3)3), 22.0 (d,
 ]JPC= 44 Hz, PCH2).
 31P{1H} NMR (C6D6, 121 MHz): 8 
43.6. Anal. Calcd for C2iH30NPTiCl2: C, 56.53; H, 6.78; N, 3.14. Found: C, 56.48; H, 
7.01; N, 3.08. 
Synthesis of/-Bu2(C9H6CH2CH=CHCH2)PNTiMe2 (3.28). 
MeMgBr 3M (0.71 mL; 2.13 mmol) was added dropwise to diethyl ether (10 mL) 
suspension of compound (3.27) (0.19 g; 0.43 mmol) at -35°C. The cloudy solution was 
stirred overnight at 25 °C. The solvent was removed under vacuum, and the product was 
extracted with hot hexanes (3 x 10 mL) then filtered through celite. The solvent was 
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removed under vacuum to give a yellow solid (0.14 g; 0.35 mmol; 82%). !H NMR (C^De, 
500 MHz): 5 7.79 (m, 1H, phenyl), 7.34 (m, 1H, phenyl), 7.18 (m, 2H, phenyl), 6.77 (d, 3J 
= 3 Hz, 1H, 3-position), 5.99 (m, 1H, CH), 5.91 (d, 3J= 3 Hz, 1H, 2-position), 5.27 (m, 
1H, CH), 3.48 (dd, J = 13 Hz, J = 11.0 Hz,lH, C9H6C//2), 3.09 (m, 1H, C9H6C#2), 2.50 
(m, 1H, PC/fc), 1.90 (m, 1H, PC//2), 1.07 (d,
 3JPH= 14 Hz, 9H, PC(C//3)3), 1.03 (d,
 3JPH = 
14 Hz, 9H, PC(C#3)3), 0.68 (s, 3H, Ti(C//3)), 0.33 (s, 3H, Ti(C/ft)).
 nC{vW) NMR 
(C6D6, 75 MHz): 5 132.6 (d, JPC= 8 Hz, CH), 128.7, 126.6, 125.9, 123.8, 123.7, 123.6 and 
111.7 (s, Phenyl), 121.7 (d, JPC = 10 Hz, CH), 114.2 (s, Cp-C, 3-position), 101.5 (s, Cp-C, 
2-position), 45.3 (s, Ti(CH3)), 40.4 (s, Ti(CH3)), 38.4 (d,
 1JPC= 55 Hz, PC(CH3)3), 37.9 (d, 
1JPC= 55 Hz, PC(CH3)3), 28.0 (s, PC(CH3)3), 27.5 (s, PC(CH3)3), 27.4 (s, C9H6CH2), 22.2 
(d, xhc = 44 Hz, PCH2).
 31P{1H} NMR (C6D6, 121 MHz): 5 28.5. Anal. Calcd for 
C23H36NPTi: C, 68.15; H, 8.95; N, 3.46. Found: C, 67.92; H, 8.66; N, 3.17. 
3.2.7 Polymerization Protocol 
The polymerizations were performed in a 1 L Buchi reactor system. Following assembly, 
the reactor vessel and solvent storage unit were refilled with nitrogen with 4 
refill/evacuation cycles over at least 90 min. Approximately 600 mL of toluene was 
transferred to the solvent storage container from a Grubbs-type purification column. The 
solvent was purged with dry nitrogen for 20 min and then transferred to the reactor vessel 
by differential pressure. The solvent was stirred at 1500 ±10 RPM and the temperature 
was kept constant at 30 ± 2 °C. The system was then exposed to ethylene via five 
vent/refill cycles. The activator, catalyst and solvent scavenger stock solutions were 
prepared in an inert atmosphere glovebox. Stock solutions were loaded into syringes and 
transferred to the reactor. z'-Bu3Al was used as a solvent scrubber for polymerizations 
using either B(C6F5)3 or [Ph3C][B(C6F5)4)] as the co-catalyst. When experiments 
employed MAO, it served as both the activator and solvent scavenger. Cp(/-Bu3PN)TiCl2 
and Cp(/-Bu3PN)TiMe2
1 were used as standards and these standards were tested regularly 
to ensure consistent performance of the reactor system. All trials reported have been done 
in duplicate to ensure reproducibility. In a typical experiment, 3.0 mL of i-Bu3Al solution 
55 
(0.125 mmol, 20.8 equivalents) was injected into the reactor via the catalyst injection 
inlet. The solvent scavenger was allowed to stir for 5 min. 1.5 mL solution of B(C6F5)3 
(0.006 mmol) was injected. Immediately afterwards, 1.0 mL catalyst solution of Cp(/-
Bu3PN)TiMe2 (0.006 mmol) was injected. The reactor was allowed to stir (1500 + 10 
RPM) for 5 min at 30°C and under 2 atm of ethylene. {Note: in several runs, exotherm 
could not be controlled by using the cooling system). The polymerization was halted by 
closing off the ethylene inlet and venting the reactor to air. Stirring was stopped, the 
reactor disassembled and the reactor contents were transferred to a 4 L beaker containing 
approximately 100 mL of 10% HC1 in MeOH. The polymer was collected via filtration, 
washed with toluene, and dried overnight. 
3.2.8 X-Ray Data Collection, Reduction, Solution and Refinement 
Crystals were manipulated and mounted in capillaries in a glovebox, thus maintaining a 
dry, oxygen-free environment for each crystal. Diffraction experiments were performed 
on a Siemens SMART System CCD diffractometer. The data (4.5°< 26><45-50.0°) were 
collected in a hemisphere of data in 1329 frames with 10 second exposure times. The 
observed extinctions were consistent with the space groups in each case. A measure of 
decay was obtained by re-collecting the first 50 frames of each data set. The intensities of 
reflections within these frames showed no statistically significant change over the 
duration of the data collections. The data were processed using the SAINT and 
SHELXTL processing packages. An empirical absorption correction based on redundant 
data was applied to each data set. Subsequent solution and refinement was performed 
using the SHELXTL solution package. Non-hydrogen atomic scattering factors were 
taken from the literature tabulations. The heavy atom positions were determined using 
direct methods employing the SHELXTL direct methods routine. The remaining non-
hydrogen atoms were located from successive difference Fourier map calculations. The 
refinements were carried out by using full-matrix least squares techniques on F2, 
minimizing the function oo (|F0|-|FC|) where the weight co is defined as 4F0
2/2a (F0
2) and 
F0 and F c are the observed and calculated structure factor amplitudes, respectively. In the 
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final cycles of each refinement, all non-hydrogen atoms were assigned anisotropic 
temperature factors in the absence of disorder or insufficient data. In the latter cases atoms 
were treated isotropically. C-H atom positions were calculated and allowed to ride on the 
carbon to which they are bonded assuming a C-H bond length of 0.95 A. H-atom 
temperature factors were fixed at 1.10 times the isotropic temperature factor of the C-
atom to which they are bonded. The H-atom contributions were calculated, but not 
refined. The locations of the largest peaks in the final difference Fourier map calculation 
as well as the magnitude of the residual electron densities in each case were of no 
chemical significance. 
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The data was collected at 24°C with Mo Ka radiation (k = 0.71073 A) 
R = I I I F J - I F J I / z |FOI ,RW = [ S ( I F 0 | - I F C | )
2 / E | F 0 |
2 ] 0 - 5 
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The data was collected at 24°C with Mo Ka radiation (X = 0.71073 A) 
R = S I | F O I - | F C | I / s | F 0 | , R W = [ S ( | F 0 | - | F C | )
2 / S | F 0 |
2 ] 0 - 5 
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3.3 Results and Discussion 
The strategy to linking phosphinimide to cyclopentadienyl ligands requires the 
preparation of complexes containing olefin functionalized phosphinimide and 
cyclopentadienyl ligands. Initially, a system that incorporated a phosphinimide fragment 
similar to that seen in the unlinked complexes Cp(f-Bu3PN)TiCl2 was targeted. The 
compound 7-Bu2(Me2CLi)PNSiMe3 (2.7) - prepared in chapter two - reacts cleanly with 
CH2=CHCH2Br to give the allylic phosphinimine /-Bu2(CH2=CHCH2C(Me2)PNSiMe3 
(3.1). 'H, 13C and 31P NMR spectra showed the expected resonances. Subsequent reaction 
of (3.1) with CpTiCh or Cp*TiCi3 or TiCU afforded the desired products (Scheme 3.1) in 
good to high yield (63-77%). 








3.5 3.6 3.7 
Scheme 3.1: Synthesis of titanium compounds (3.5), (3.6) and (3.7) 
These products (3.5), (3.6) and (3.7) were formulated as t-
Bu2(CH2=CHCH2C(Me2)PNTi(Cp)Cl2, *-Bu2(CH2=CHCH2C(Me2)PNTi(C5Me5)Cl2 and t-
Bu2(CH2=CHCH2C(Me2)PNTiCl3 based on
 ]H, 13C and 31P NMR spectra. The nature of 
(3.6) was also confirmed by X-ray crystallography (Figure 3.2). The Ti-N distance was 
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found to be 1.776(4) A while the Ti-Cl distances were 2.3095(16) A and 2.3212(15) A, 
typical of this class of compounds. Similarly, the P-N distance of 1.608(4), and P-N-Ti 
angles of 164.6(2)° also fall in the range typical of Ti-phosphinimide complexes. The 
C(23)-C(24) distance of 1.312(11) A confirms the presence of the olefmic fragment. 
Figure 3.2: ORTEP drawing of (3.6); 30% ellipsoids are shown, Most H atoms are 
omitted for clarity. Selected bond distances (A) and angles (deg): Ti(l)-N(l) 1.776(4), 
Ti(l)-Cl(l) 2.3095(16), Ti(l)-Cl(2) 2.3212(15), P(l)-N(l) 1.608(4), C(23)-C(24) 
1.312(11), N(l)-Ti(l)-Cl(l) 101.99(12), N(l)-Ti(l)-Cl(2) 101.72(13), Cl(l)-Ti(l)-Cl(2) 
102.96(7), P(l)-N(l)-Ti(l) 164.6(2). 
Compound (3.5) and (3.7) react rapidly with the strong Lewis acid (CeFs^BH to effect 
hydroboration of the olefinic fragment (Scheme 3.4). The products exhibit three distinct 
!H NMR signals at 2.15, 2.02, 1.67 and 1.91, 1.87, 1.61 ppm attributable to the three 
methylene groups. Furthermore, the broad n B NMR signals at 73.6 and 75.2 are 
consistent with the formation of three-coordinate boron centers without any interaction to 
the chloride ligands on titanium. These data confirm the formulations of t-
Bu2((C6F5)2BCH2CH2CH2C(Me2))PNTi(Cp)Cl2 (3.8) and /-
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Bu2((C6F5)2BCH2CH2CH2C(Me2))PNTiCl3 (3.9). Unfortunately, these compounds are 
only stable in solutions for few hours and they decompose to unidentifiable products. 
/ ' - C I 
3.5 \ 










Scheme 3.2: Hydroboration of (3.5) and (3.7) with (C6F5)2BH 
Decomposition 
Decomposition 
The isolation of (3.5), (3.6) and (3.7) confirms that the addition of the olefin-
functionalized phosphinimide onto Ti proceeds smoothly without ligand isomerization. 
With that established, reaction of phosphinimine (3.1) with (CsELtCtbCF^CtyTiCls was 
performed. This reaction proceeded upon heating at 90°C for 8 h in toluene to give the 
complex ?-Bu2(CH2=CHCH2C(Me2)PNTi(C5H4CH2CH=CH2)Cl2 (3.10) (Scheme 3.3). 
The resulting compound was isolated as an orange oil in excellent yield of 92%. The 
downfield shift of the 31P NMR resonance to 45.7 ppm is consistent with formation of the 
Ti-phosphinimide complex. Ring closing metathesis reactions using (3.10) as the 
substrate were explored using Grubbs catalysts either [Cl2(PCy3)2Ru=CHPh] or 
[Cl2(PCy3)(H2lMes)Ru=CHPh] under a variety of reaction conditions no evidence of the 
desired reaction was observed. This was attributed to the stefically demanding 
environment about P that presumably restricts rotation about the P-N bond, thus inhibiting 
approach of the phosphinimide- bound olefinic unit to that on the cyclopentadienyl ring. 
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t-Bu, ,SiMe3 (C5H4CH2CH=CH2)TiCI3 = / \ & [Ru] 
t-Bu-P=N 
3.1 
/ ' " C I _ NO Ring Closing 
t B u f N Metathesis 
R 
t-Bu* 
[Ru] = CI2(PCy3)2Ru=CHPh 
Scheme 3.3: Synthesis of (3.10) and attempted olefin metathesis 
Adopting an alternative approach, the phosphinimine f-Bu2(CH2=CHCH2)PNSiMe3 (3.2) 
was prepared via a classical Staudinger oxidation of the phosphine /-Bu2PCH2CH=CH2 
with N3SiMe3 at 70°C for 48 h, giving (3.2) in an overall 89% yield. The *H and
 13C{'H} 
NMR data as well as the downfield shift of the 31P NMR resonance to 24.3 ppm were 
consistent with the formulation. Treatment of (3.2) with methanol in an attempt to 
generate the corresponding parent phosphinimine via methanolysis of the SiMe3 group, 
gave rise to a new product (3.3). This species, isolated as a colorless crystalline solid in 
85% yield, exhibited to lH NMR multiplets at 6.71 and 5.81 ppm as well as a doublet at 
1.59 ppm and a broad signal at -0.31 ppm. The corresponding 13C{'H} NMR resonances 
at 146.1, 123.1 and 20.1 ppm, supported the formulation as the phosphinimine t-
Bu2(MeCH=CH)PNH (3.3) in which the allyl substituent had undergone isomerization. 
Such isomerization is thought to be mediated by the facile access of a cyclic transition 
state in which proton is transferred from N to the terminal C. 
The phosphinimine (3.3) readily affect protonolysis of an amido-group of Ti(NMe2)4 at 
80°C for 8 h to give an orange oil (3.11) in 93% isolated yield. Based on the NMR and 
analytical data, this product was formulated as /-Bu2(MeCH=CH)PNTi(NMe2)3 (3.11). 
Subsequent treatment with Me3SiCl gave the corresponding chloride derivative t-
Bu2(MeCH=CH)PNTiCl3 (3.12) in 88% yield (Scheme 3.4). Crystals of t-
Bu2(MeCH=CH)PNTiCl3(THF) (3.12)-THF were isolated by recrystallization of (3.12) 
from THF/hexane. A crystallographic study of (3.12)-THF (Figure 3.3) revealed the 
geometry about Ti is best described as a pseudo-trigonal bipyramid, with the O atom of 
THF and Cl(l) atom adopting the pseudo-axial positions. The distortion from ideal trans 
geometry is evident in the 0(1)-Ti(l)-Cl(l) angle of 164.00(5)°. The angles in the pseudo 
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equatorial plane also deviate from ideal, as the N-Ti-Cl angles are 109.79(7)° and 
114.37(7)°, while the Cl-Ti-Cl angle is 134.41(4)°. The Ti-Cl bond lengths range from 
2.2996(9) A to 2.3443(9) A, while the Ti-N and Ti-0 distances are 1.728(2) A and 
2.1494(17) A, respectively. The geometry about the phosphinimide fragment is typical, 
with a P-N bond length of 1.612(2) A and with an approximately linear P-N-Ti angle of 
172.37(13)°. The location of the C=C double bond in the allylic fragment is evident with 
the observation of the C(8)-C(10) bond distance of 1.313(4) A. 
Figure 3.3: ORTEP drawing of (3.12)-THF; 30% ellipsoids are shown, Most hydrogen 
atoms are omitted for clarity. Selected bond distances (A) and angles (deg): Ti(l)-N(l) 
1.728(2), Ti(l)-0(1) 2.1494(17), Ti(l)-Cl(3) 2.2996(9), Ti(l)-Cl(l) 2.3052(8), Ti(l)-
Cl(2) 2.3443(9), P(l)-N(l) 1.612(2), C(8)-C(10) 1.313(4), N(l)-Ti(l)-0(1) 94.58(8), 
N(l)-Ti(l)-Cl(3) 109.79(7), 0(1)-Ti(l)-Cl(3) 83.58(5), N(l)-Ti(l)-Cl(l) 101.36(7), 0(1)-
Ti(l)-Cl(l) 164.00(5), Cl(3)-Ti(l)-Cl(l) 92.27(4), N(l)-Ti(l)-Cl(2) 114.37(7), 0(1)-


























NO Ring Closing 
Metathesis 
[Ru] = CI2(PCy3)2Ru=CHPh 
Scheme 3.4: Synthesis of phosphinimines and titanium compounds 
The isomerization of the allylic group can be avoided by direct reaction of (3.2) with 
suitable metal precursors. Thus, reaction of (3.2) with TiCLt with initial mixing at -78°C 
proceeds smoothly to give the product ?-Bu2(CH2=CHCH2)PNTiCl3 (3.13) in 78% yield. 
The NMR data are consistent with these formulations. Subsequent reaction of (3.13) with 
[C5H4C(Me)=CH2]Li in THF afforded an orange powder (3.14) in 70% isolated yield. 
The NMR data for (3.14) were consistent with the formulation t-
Bu2(CH2=CHCH2)PNTi(C5H4C(Me)=CH2)Cl2 (Scheme 3.4). Again repeated attempts to 
effect a ring closure by olefin metathesis employing either [Cl2(PCy3)2Ru=CHPh] or 
[Cl2(PCy3)(H2lMes)Ru=CHPh] as the catalyst resulting on no appreciable reaction. 
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The above results suggest that steric bulk proximal to the olefinic residues precludes 
metathesis and thus an unsubstituted linkage was targeted. To that end 
(CpCH2CH=CH2)TiCl3 was reacted with (3.2) to give the yellow solid t-
Bu2(CH2=CHCH2)PNTi(CpCH2CH=CH2)Cl2 (3.15) in 96% isolated yield (Scheme 3.5). 
This species can further be derivatized by methylation via treatment with MeMgBr. This 
affords the species /-Bu2(CH2=CHCH2)PNTi(CpCH2CH=CH2)Me2 (3.16) as a red oil in 
89% yield. This species exhibits resonances in the }H NMR spectrum at 0.64 ppm 
attributable to the Ti-Me groups. Treatment of compound (3.15) with 8 mol% of the 
metathesis catalyst [Cl2(PCy3)2Ru=CHPh] with heating to 50°C for 6 h afforded a yellow 
precipitate (3.17) in 49% isolated yield. Based on the NMR data, it was formulated as t-
Bu2(CpCH2CH=CHCH2)PNTiCl2, the product of ring closing metathesis. Particularly 
diagnostic are the 'H NMR resonances observed at 5.83, 5.09, 3.13 and 1.90 ppm, 
attributable to the CH and CH2 groups in the linkage between P atom and the 
cyclopentadienyl fragment. This formulation was confirmed unequivocally by X-ray 
crystallography (Figure 3.4). The structural data for (3.17) revealed a geometry very 
similar to that described for (3.6) with Ti-N and Ti-Cl bond lengths of 1.748(3) A, 
2.3020(13) A and 2.3083(13) A, respectively. The phosphinimide geometry is also similar 
as the P-N bond distance was found to be 1.606(3) A. It is notable however that the P-N-
Ti is significantly closer to linearity at 178.1(2)°. The olefinic fragment in the linkage 
between P atom and the cyclopentadienyl fragment is cw-substituted with a C(2)-C(3) 
distance of 1.382(6) A. 
Compound (3.17) reacts with 9-BBN to effect hydroboration of the olefinic residue in the 
linkage chain (Scheme 3.5). Although the resulting yellow solid (3.18) was isolated in 
only 28% yield. The product exhibits four distinct 'H NMR signals at 6.39, 6.33, 6.24 and 
6.08 ppm attributable to the cyclopentadienyl ring protons. In addition, the methylene 
protons of the chain between P atom and cyclopentadienyl fragments are inequivalent (ie 
diastereotopic), consistent with the generation of a chiral center upon hydroboration. 
Similarly the t-Bu groups are inequivalent and give rise to distinct doublets at 1.38 and 
1.33 ppm. These data, together with the other NMR data including the observation of a 
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n B signal at 86.8 ppm, are consistent with the formulation of t-
Bu2(CpCH2CH2CH(B(C8H14)CH2)PNTiCl2(3.18). 
Figure 3.4: ORTEP drawing of (3.17); 30% ellipsoids are shown, Most hydrogen atoms 
are omitted for clarity. Selected bond distances (A) and angles (deg): Ti(l)-N(l) 1.748(3), 
Ti(l)-Cl(2) 2.3020(13), Ti(l)-Cl(l) 2.3083(13), P(l)-N(l) 1.606(3), C(7)-C(8) 1.382(6), 
N(l)-Ti(l)-Cl(2) 103.43(10), N(l)-Ti(l)-Cl(l) 103.71(10), Cl(2)-Ti(l)-Cl(l) 100.23(5), 
P(l)-N(l)-Ti(l) 178.1(2). 
Compound (3.17) was also derivatized by alkylation. Treatment with MeMgBr afforded 
the species /-Bu2(CpCH2CH=CHCH2)PNTiMe2 (3.19). Isolated in 86% yield, this species 
exhibits the expected NMR resonances and the structure of (3.19) was also confirmed by 
X-ray crystallography (Figure 3.5). The structural data is similar to that reported above for 
(3.17). The replacement of chlorides with methyl groups gives rise to Ti-C distances of 
2.119(6) A and 2.144(6) A, and as a result, a longer Ti-N bond distance of 1.786(4) A, 
consistent with a more electron-rich Ti center. Conversely, the P-N bond length of 
1.571(4) A in (3.19) is significantly shorter than that seen in (3.17). On the other hand, the 
P-N-Ti angle varies only slightly being 174.9(3)° in (3.19). 
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Figure 3.5: ORTEP drawing of (3.19); 30% ellipsoids are shown, Most hydrogen atoms 
are omitted for clarity. Selected bond distances (A) and angles (deg): Ti(l)-N(l) 1.786(4), 
Ti(l)-C(18) 2.119(6), Ti(l)-C(19) 2.144(6), P(l)-N(l) 1.571(4), C(10)-C(ll) 1.289(10), 
N(l)-Ti(l)-C(18) 102.5(2), N(l)-Ti(l)-C(19) 103.7(2), C(18)-Ti(l)-C(19) 98.5(3), P(l)-
N(l)-Ti(l) 174.9(3). 
t-Bu ,SiMe3 (C5H4CH2CHCH2)TiCI3 
t-Bu-P=N 
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[Ru] = [Cl2(PCy3)2Ru=CHPh] 
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Scheme 3.5: Synthesis of titanium compounds (3.15)-(3.19) 
t-Bu \ B u 
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3.19 
Efforts to increase the steric demands about Ti involved use of 
allyltetramethylcyclopentadiene to give (CH2=CHCH2)CsMe4SiMe3 (3.4) and subsequent 
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addition of this to TiCl4 to give (CH2=CHCH2C5Me4)TiCl3 (3.20) (Scheme 3.6). 
Reaction of this precursor with compound (3.2) afforded an orange solid in 77% isolated 
yield. NMR data were consistent with the formulation t-
Bu2(CH2=CHCH2)PNTi(C5Me4CH2CH=CH2)Cl2 (3.21). In a method similar to that used 
above methylation of (3.21) was achieved employing MeMgBr to give t-
Bu2(CH2=CHCH2)PNTi(C5Me4CH2CH=CH2)Me2 (3.22) as a dark red oil in 96% yield. 
The methyl groups gave rise to lH NMR resonances at 0.40 ppm, while the 31P NMR 
resonance was observed at 21.7 ppm. Compound (3.21) was also reacted with 8 mol% of 
[Cl2(PCy3)2Ru=CHPh] to effect ring closing metathesis of the linkage between the 
phosphinimide and cyclopentadienyl ligand affording t-
Bu2(C5Me4CH2CH=CHCH2)PNTiCl2 (3.23) (Scheme 3.6). This species was isolated in 
49% yield. The presence of the olefinic linkage was evidenced by the *H NMR signals at 
6.15 and 5.19 ppm arising from the CH groups. The formulation of (3.23) was also 
confirmed via X-ray crystallography (Figure 3.6). 
Figure 3.6: ORTEP drawing of (3.23); 30% ellipsoids are shown, Most hydrogen atoms 
are omitted for clarity. Selected bond distances (A) and angles (deg): Ti(l)-N(l) 1.767(3), 
Ti(l)-Cl(2) 2.3103(14), Ti(l)-Cl(l) 2.3185(14), P(l)-N(l) 1.597(3), C(3)-C(4) 1.316(6), 
N(l)-Ti(l)-Cl(2) 104.90(12), N(l)-Ti(l)-Cl(l) 102.65(12), Cl(2)-Ti(l)-Cl(l) 101.21(5), 
P(l)-N(l)-Ti(l) 176.0(2). 
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The structure of (3.23) is analogous to that seen for (3.17) and (3.19). The Ti-N distances 
in (3.23) is 1.767(3) A, while the Ti-Cl distances are 2.3103(14) A and 2.3185(14) A. The 
P-N distance of 1.597(3) A is slightly shorter than that seen in (3.17), consistent with the 
stronger donor ability of the CsMe4 ring in (3.23). The corresponding P-N-Ti angle is 
almost linear at 176.0(2)°. Again similar to (3.17) and (3.19), the olefmic bond in the 
linker chain is cz's-substituted with a C=C bond length of 1.316(6) A. Compound (3.23) 
was further derivatized by methylation to give r-Bu2(C5Me4CH2CH=CHCH2)PNTiMe2 
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Scheme 3.6: Synthesis of titanium compounds (3.20) - (3.24) 
3.24 
Indenyl derivatives were also targeted and prepared. Treatment of (3.13) with 
[C9H6CH2CH=CH2]Li afforded the species t-
Bu2(CH2=CHCH2)PNTi(C9H6CH2CH=CH2)Cl2 (3.25) as an orange solid in 69% yield. 
This species was methylated to give the corresponding compound t-
Bu2(CH2=CHCH2)PNTi(C9H6CH2CH=CH2)Me2 (3.26) in 79% yield, while treatment of 
(3.25) with 8 mol% [Cl2(PCy3)(H2IMes)Ru=CHPh] effected ring closing metathesis to 
give the corresponding linked phosphinimide-indenyl species t-
Bu2(C9H6CH2CH=CHCH2)PNTiCl2 (3.27). In this latter reaction, addition of a second 
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aliquot of the Ru-catalyst was necessary to give a total isolated yield of 49% after 8 h 
reaction-time. The !H NMR spectrum of (3.27) (Figure 3.7) revealed signals at 6.85, 6.42, 
6.03, 5.25, 3.85, 3.17, 2.53 and 1.65 ppm attributable to the indenyl, methine and 
methylene protons. The inherit dissymmetry of the molecule also gives rise to 
inequivalent resonances attributable to the J-butyl groups at 0.97 and 0.94 ppm. An 
analogous situation is observed in the species ?-Bu2(C9H6CH2CH=CHCH2)PNTiMe2 
(3.28) derived from methylation of (3.27) (Scheme 3.7). 
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Scheme 3.7: Synthesis of titanium compounds (3.25) - (3.28) 
Ethylene Polymerization Catalysis 
3.26 
3.28 
Screening of the ability of selected compounds to effect ethylene polymerization was 
performed under a variety of conditions. Initially, using MAO as a solvent 
scavenger/activator resulted in a range of activities relative to Cp(?-Bu3PN)TiCl2. It is 
noteworthy that species f-Bu2(CH2=CHCH2C(Me2)PNTi(Cp)Cl2 (3.5) showed 
significantly high activity that represents 80% of the activity of the standard catalyst Cp(t-
Bu3PN)TiCl2 (Table 2). The resemblance between (;-Bu2(CH2=CHCH2C(Me2)PN-) and (t-
BU3PN") ligands in providing protection to the phosphinimide nitrogen atom is responsible 
for this high activity. The species (3.21) and (3.25), in which pendant olefin groups are 
present on both the cyclopentadienyl and phosphinimide ligand, result in relatively high-
activity catalysts (Table 2). In contrast, the corresponding species (3.23) and (3.27), in 
which metathesis afforded a chain linking the ligands, gave much lower activity when it 
was observable at all. This in part can be attributable to significant reduction in solubility 
of the linked-ligand catalysts. The resulting polymers derived from these tests exhibited 
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PDI ranging from 1.97-2.98, consistent with single-site catalysis. In addition, the 
molecular weights were relatively high. Indeed, in several cases, the molecular weights of 
the polymers could not be determined due to extremely poor solubility (even at 160°C in 
C6H4CI2), suggesting molecular weights well above 1 x 106. 



























































Conditions: Temperature = 30°C, Ethylene pressure = 2 atm, Catalyst cone. = 60 uL, Al:Ti ratio 500:1, Stir 
rate = 1500 rpm, Solvent = 600 mL toluene, Duration = 5 min. 
a) Activity is reported in g mmor'rf'atm"1. 
b) Not available. 
c) Polymer is not soluble in 1,2,4-trichlorobenzene. 
d) Catalyst is not soluble enough for polymerization testing. 
Use of the alternative activation strategies by treatment of titanium dimethyl species with 
two equivalents of B(C6F5)3 or [Ph3C][B(C6F5)4] and utilizing 20 equivalents of A1(J'-BU)3 
as a scavenger generally gave more consistently active catalysts. In general, higher 
activities were observed using [Ph3C][B(CeF5)4] as the activator (Table 3.2). A similar 
observation has been made for Cp(/-Bu3PN)TiMe2. In the case of (3.16) or (3.26) with 
B(C6Fs)3 or [Pli3C][B(C6F5)4] the activities exceeded that observed with the standard 
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Cp(/-Bu3PN)TiMe2. Also, from the same table we could say non-linked species have 
higher activities than linked ones except in the case of (3.24) with B(CeF5)3. Again single-
site catalysis is indicated by the PDIs, which are about 2.0. The higher observed PDI of 
3.77 in the case of (3.16)/ [Ph3C][B(C6F5)4] is consistent with a thermal spike that may be 
associated with the high activity. Molecular weights of the polyethylene produced range 
from 400,000-1,100,000 when they could be measured. 
Table 3.3: Polymerization activities of some titanium dimethyl compounds activated with 



























































































Conditions: Temperature = 30°C, Ethylene pressure = 2 atm, Catalyst cone. = 60 uL, Scavenger = Al(i-Bu)3 
Al:Ti ratio 20:1, Stir rate = 1500 rpm. Activator equivalence = 2, Duration = 5 min. 
a) Activity is reported in g mmorVatm"1. 
b) Polymer is not soluble in 1,2,4-trichlorobenzene. 
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3.4 Summary and Conclusion 
Synthetic pathways have been developed to prepare a series of Ti complexes in which a 
cyclopentadienyl fragment and a phosphinimide ligand are linked by an alkenyl chain. 
This methodology is based on olefin metathesis. These complexes provide highly active 
olefin polymerization catalysts. These observations suggest that elaboration of the 
cyclopentadienyl ligand may provide a new class of complexes that may be effective 
phosphinimide catalysts for stereoselective polymerization of a-olefins. 
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Linked Z?/'s-Pho$phinimide Complexes of Titanium 
4.1 Introduction 
In chapter 3, the synthesis and polymerization activity of linked phosphinimide-
cyclopentadienyl complexes of titanium was discussed. Similarly, linked bis-
phosphinimide complexes of titanium would be desirable as well. It has been previously 
reported by our group and researchers at NOVA Corporation that the 6/s-phosphinimide 
(7-Bu3PN)2TiMe2 is an extremely active catalyst under commercial polymerization 
conditions. The synthesis of linked fo's-phosphinimide titanium complexes may improve 
catalyst characteristics such as thermal stability. In the last decade, some of linked bis-
phosphinimide complexes of titanium were reported by Siemeling and co-workers (A),105 
and Stephan and co-workers (B)18 (Figure 4.1). In these examples, bulky groups on 
phosphorous (/erf-butyl) were employed similar to the non-linked complex (t-
Bu3PN)2TiMe2. However, the bulk provided by the linker atom alpha to phosphorus was 
not enough to create similar steric conditions created by three tertiary butyl groups. The 
lack of substituents on that alpha carbon was seen by Bochmann and co-workers to induce 
CH activation on fo's-phosphinimine (CH2(Pli2)PNSiMe3)2 when reacted with TiCU or 
ZrCMC).106'107 
rJPh 
t-Bu, y ^ \ y ^ \ xt-Bu t-Bu. / \ J-Bu *P 
t-Bu-Rv ,P-t -Bu t-Bu^Rv .P'-t-Bu II 
\ / \ / ^ „ 
CI* 'CI C I 'C I CI * , ' C | 
A B C 
Figure 4.1: Previously reported 6w-phosphinimide titanium complexes 
In this chapter, bulky linked Z?w-phosphinimide complexes of titanium were targeted and 
prepared, and their utility as ethylene polymerization catalysts was examined. 
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4.2 Experimental Section 
4.2.1 General Considerations 
All preparations were performed employing an atmosphere of dry, oxygen-free nitrogen 
utilizing standard Schlenk line techniques or a Vacuum Atmospheres inert atmosphere 
glovebox. *H, "B^H} , ^Cj1!!}, 19F, and ^P^H} NMR data were acquired on Bruker 
Avance 300 or 500 MHz spectrometers. ^ and ^C^H} NMR chemical shifts are listed 
downfield from tetramethylsilane in parts per million (ppm), and were referenced to the 
residual proton or carbon peak of the solvent. 3lP{'H} NMR chemical shifts were 
referenced relative to 85% H3P04 as an external standard. "B^H} and
 19F NMR 
chemical shifts were referenced relative to external standards: BF3-Et20 and 80% CCI3F 
in CDCI3, respectively. Combustion analyses were performed by University of Windsor 
Analytical Services. GPC analyses of the polymers were performed by NOVA Chemicals 
Corporation. 
4.2.2 Solvents 
Anhydrous solvents including toluene, pentane, hexanes, and CH2C12 were purchased 
from Aldrich Chemical Co., and were purified with Grubbs' column systems 
manufactured by Innovative Technology. C6D6, C7D8 and CD2CI2 were purchased from 
Cambridge Isotopes Laboratories, freeze-pump-thaw degassed (3 times) and vacuum 
distilled from the appropriate drying agents. 
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4.2.3 Materials 
Hyflo Super Cel® (Celite) was purchased from Aldrich Chemical Co. and dried for 12 
hours in a vacuum oven prior to use. 4 A molecular sieves were purchased from Aldrich 
Chemical Co. and dried at 100°C under vacuum using a Schlenk line. 
4.2.4 Reagents 
?-Bu2(Me2N)PNH108 was prepared by a literature method. The syntheses of t-
Bu2(Me2CLi)PNSiMe3 (2.7) and /-Bu2[CH2CHCH2C(Me)2]PNSiMe3 (3.1) were outlined 
in chapter two and chapter three, respectively. N,N'-dimethylethylenediamine, «-BuLi 
(2.5M in hexanes), /-Bu2PCl, N3SiMe3, Ti(NMe2)4, TiCU (1M in toluene), Me3SiCl, 
MeMgBr (3M in diethyl ether), and 3-Chloro-2-chloromethyl-l-propene were purchased 
from the Aldrich Chemical Co and used without further purification. Cp*TiCl3 was 
purchased from the Strem Chemical Company. B(C6F5)3 and [Ph3C][B(C6F5)4] were 
donated by NOVA Chemical Corporation. 
4.2.5 Synthesis of Phosphinimine Ligands 
Synthesis of (CH2(Me)NPf-Bu2)2 (4.1). 
N,N'-dimethylethylenediamine (0.30 g; 3.40 mmol) was dissolved in 10 mL of THF. n-
BuLi (2.5 M) (2.9 mL; 6.90 mmol) was added slowly with stirring at room temperature. 
The clear colorless solution became yellow and cloudy. After 1 h, f-Bu2PCl (1.23 g; 6.81 
mmol) in 3 mL of THF was added. The solution was stirred for 4 h then it was pumped to 
dryness. Toluene (10 mL) was added to extract the product. After filtering through celite, 
toluene was removed under vacuum to give a light yellow solid (1.10 g; 2.92 mmol; 86 
%). JH NMR (C6D6, 500 MHz): 8 3.32 (complex m, 4H, CH2), 2.65 (br, 6H, NC//3), 1.20 
(d, 3JPH = 11 Hz, 36H, PC(C#3)3).
 13C{'H} NMR (C6D6, 75 MHz, 50°C): 5 60.7 (br, 
NCH2), 40.3 (br, NCH3), 36.6 (d, 'JPC = 28 Hz, PC(CH3)3), 30.5 (d,
 2JPC = 17 Hz, 
78 
PC(CH3)3).
 31P{!H} NMR (C6D6, 121 MHz): 5 107.9 (minor), 104.6 (major).
 31P{!H} 
NMR (C6D6, 121 MHz, 50°C): 8 105.4. Anal. Calcd for C20H46N2P2: C, 63.80; H, 12.31; 
N, 7.44. Found: C, 63.66; H, 12.64; N, 7.34. 
Synthesis of (CH2(Me)NP(*-Bu2)NSiMe3)2 (4.2). 
Compound (4.1) (0.86 g; 2.28 mmol) was dissolved in 20 mL of toluene. N3SiMe3 (1.00 
g; 8.68 mmol) was added dropwise at room temperature. The pale yellow solution was 
heated at 100°C for 10 h. Toluene was removed under vacuum to give a solid which was 
re-dissolved in 10 mL hexanes and filtered through celite. Removing the solvent under 
vacuum gave a crystalline solid (1.10 g; 2.00 mmol; 88 %). lH NMR (C6D6, 500 MHz): 5 
3.28 (complex m, 4H, CH2), 2.67 (d,
 3JPH = 9 Hz, 6H, NGtf3), 1.13 (d,
 3JPH= 14 Hz, 36H, 
PC(C#3)3), 0.40 (s, 18H, Si(C#3)3).
 13C{1H} NMR (C6D6, 75 MHz): 8 49.1 (s, NCH2), 
39.4 (d, "JPC = 75 Hz, PC(CH3)3), 37.3 (s, NCH3), 28.7 (s, PC(CH3)3), 5.2 (s, Si(CH3)3). 
31P{!H} NMR (C6D6, 121 MHz): 8 36.2. Anal. Calcd for C26H64N4P2Si2: C, 56.86; H, 
11.71;N, 10.17. Found: C, 56.95; H, 11.64; N, 10.41. 
Synthesis of (CH2(Me)NP(/-Bu2)NH)2 (4.3). 
Compound (4.2) (1.10 g; 2.00 mmol) was suspended in 25 mL of dry methanol. The 
mixture was heated at 55 °C for 5 h. Upon heating the solid dissolved slowly to form a 
clear solution. Excess methanol was removed under vacuum to give a crystalline solid 
(0.76 g; 1.87 mmol; 93 %). *H NMR (C6D6, 500 MHz): 8 3.36 (complex m, 4H, CH2), 
2.58 (d, 3JPH = 7 Hz, 6H, NC#3), 1.22 (d,
 3JPH = 13 Hz, 36H, PC(C#3)3), 0.37 (br, 2H, 
N/J)- 13C{!H} NMR (C6D6, 75 MHz): 8 49.5 (s, NCH2), 38.6 (d, 'jpc^ 66 Hz, PC(CH3)3), 
37.7 (s, NCH3), 28.7 (s, PC(CH3)3).
 31P{1H} NMR (C6D6, 121 MHz): 8 62.1. Anal. Calcd 
for C20H48N4P2: C, 59.08; H, 11.90; N, 13.78. Found: C, 58.86; H, 11.79; N, 13.55. 
Synthesis of *-Bu2(CH2=CHCH2(Me)2C)PNH (4.4). 
/-Bu2(CH2=CHCH2(Me)2C)PNSiMe3 (0.30 g; 0.95 mmol) was dissolved in 15 mL of dry 
methanol. The solution was stirred overnight at room temperature. Methanol was removed 
under vacuum to give a pale yellow oil (0.17 g; 0.70 mmol; 74 %). !H NMR (C6D6, 500 
MHz): 8 5.77 (m, 1H, CH2=CJffCH2(CH3)2CP), 5.05 (dm,
 3J = 10.0 Hz, 1H, 
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C#2=CHCH2(CH3)2CP), 4.99 (dm,
 3J= 17.0 Hz, 1H, C//2=CHCH2(CH3)2CP), 2.60 (t, J = 
7 Hz, 2H, CH2=CHC/f2(CH3)2CP), 1.23 (d,
 3JPH = 15 Hz, 24H, CH2=CHCH2(C//3)2CP 
and PC(C/f3)3), -0.11 (br, Nft).
 13C{JH} NMR (C6D6, 75 MHz): 5 134.8 (d,
 3JPC= 9 Hz, 
CH2=CHCH2(CH3)2CP), 118.5 (s, CH2=CHCH2(CH3)2CP), 43.3 (s, 
CH2=CHCH2(CH3)2CP), 43.1 (d, ^ = 43 Hz, CH2=CHCH2(CH3)2CP), 40.0 (d,
 1JPC= 44 
Hz, PC(CH3)3), 30.2 (s, PC(CH3)3), 25.5 (s, CH2=CHCH2(CH3)2CP).
 31P{1H} NMR 
(C6D6, 121 MHz): 5 58.7. Anal. Calcd for Ci4H30NP: C, 69.09; H, 12.42; N, 5.76. Found: 
C, 68.83; H, 12.98; N, 5.65. 
Synthesis of CH2=C[CH2C(Me2)P(/-Bu2)NSiMe3]2 (4.5). 
The lithium salt ?-Bu2((Me)2CLi)PNSiMe3 (1.00 g; 3.56 mmol) was suspended in 10 mL 
of hexanes and cooled to -35°C. 3-chloro-2-chloromethyl-l-propene (0.22 g; 1.78 mmol) 
was added dropwise with vigorous stirring. The suspension was stirred for 24 h at room 
temperature. The solution was filtered through celite then kept in freezer at -35°C 
overnight. A crystalline white solid formed which was filtered then dried under vacuum 
(0.68 g; 1.13 mmol; 64 %). *H NMR (C6D6, 500 MHz): 5 4.93 (s, 2H, CH2=C), 2.65 (d, 
3JPH= 6 Hz, 4H, C7f2C(CH3)2P), 1.31 (d,
 3JPH= 14 Hz, 12H, C(C/f3)2P), 1.24 (d,
 3JPH= 13 
Hz, 36H, PC(C#3)3), 0.42 (s, 18H, Si(C#3)3). "C^H} NMR (C6D6, 75 MHz): 5 141.5 (t, 
3JPC= 13 Hz, CH2=CCH2C(CH3)2P), 121.2 (s, CH2=CCH2C(CH3)2P), 45.4 (d, 'JPC = 53 
Hz, CH2C(CH3)2P), 44.8 (s, CH2=CCH2C(CH3)2P), 41.0 (d,
 1JPC= 53 Hz, PC(CH3)3), 30.4 
(s, PC(CH3)3), 25.9 (s, CH2=CCH2C(CH3)2P), 5.2 (s, Si(CH3)3). ^ { ' H } NMR (C6D6, 121 
MHz): 5 34.0. Anal. Calcd for C32H72N2P2Si2: C, 63.73; H, 12.03; N, 4.65. Found: C, 
63.83; H, 11.82; N, 4.36. 
Synthesis of CH2=C[CH2C(Me2)P(f-Bu2)NH]2 (4.6). 
Compound (4.5) (0.80 g; 1.33 mmol) was dissolved in 5 ml of toluene. Dry methanol (20 
mL) was added to form a cloudy solution. The solution was refluxed for 4 h during which 
it became clear. The solvents were removed under vacuum to give a white solid which 
was washed with 5 mL of hexanes then dried (0.55 g; 1.20 mmol; 92 %). lH NMR (C6D6, 
500 MHz): 6 4.91 (s, 2H, CH2=C), 2.77 (d,
 3JPH= 5 Hz, 4H, C/f2C(CH3)2P), 1.36 (d,
 3JPH 
= 13 Hz, 12H, C(C#3)2P), 1.29 (d,
 3JPH= 13 Hz, 36H, PC(C/f3)3), -0.11 (br,N#).
 13C{!H} 
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NMR (C6D6, 75 MHz): 6 142.3 (t,
 JJPC = 11 Hz, CH2=CCH2C(CH3)2P), 120.4 (s, 
CH2=CCH2C(CH3)2P), 45.1 (s, CH2=CCH2C(CH3)2P), 44.7 (d,
 lJPC = 45 Hz, 
CH2=CCH2C(CH3)2P), 39.3 (d, %c = 44 Hz, PC(CH3)3), 30.4 (s, PC(CH3)3), 25.6 (s, 
CH2=CCH2C(CH3)2P).
 31P{!H} NMR (C6D6, 121 MHz): 5 60.1. Anal. Calcd for 
C26H56N2P2: C, 68.08; H, 12.31; N, 6.11. Found: C, 67.86; H, 12.18; N, 5.81. 
4.2.6 Synthesis of Titanium Complexes 
Synthesis of [(CH2(Me)NP(f-Bu2)N)2]Ti(NMe2)2 (4.7). 
Ti(NMe2)4 (0.41 g; 1.87 mmol) was dissolved in 10 mL of toluene then added dropwise 
with fast stirring to 80 mL toluene solution of compound (4.3) (0.76 g; 1.87 mmol) at 
room temperature. The pale yellow solution was stirred overnight, and then it was 
concentrated to ~ 8 mL. It was kept in the freezer at -35°C for 48 h where most of the 
product crystallized. Toluene was decanted and the solid was dried under vacuum (0.83 g; 
1.54 mmol; 82 %). !H NMR (Tol-d8, 500 MHz, 0°C): 5 4.36 (m, 2H, CH2), 3.57 (s, 12H, 
Ti(N(C//3)2)2), 2.47 (d,
 3JPH= 7 Hz, 6H, NC//3), 2.32 (m, 2H, CH2), 1.30 (d,
 3JPH= 14 Hz, 
18H, PC(C//3)3), 1.23 (d,
 3JPH = 14 Hz, 36H, ?C(CH3)3).
 !H NMR (Tol-d8, 500 MHz, 
70°C): 5 3.42 (s, 12H, Ti(N(C#3)2)2), 2.57 (d,
 3JPH= 7 Hz, 6H, NC//3), 1.28 (d,
 3JPH = 14 
Hz, 18H, PC(C//3)3). ^Cl'H} NMR (Tol-d8, 75 MHz, 70 °C): 5 52.9 (s, NCH2), 47.4 (s, 
Ti(N(CH3)2)2), 39.6 (d, ^PC = 61 Hz, PC(CH3)3), 38.5 (s, NCH3), 28.9 (s, PC(CH3)3). 
31P{'H} NMR (C6D6, 121 MHz): 5 24.2. Anal, calcd for C24H58N6P2Ti: C, 53.32; H, 
10.81; N, 15.55. Found: C, 53.03; H, 10.59; N, 15.67. 
Synthesis of [(CH2(Me)NP(f-Bu2)N)2]TiCl2 (4.8). 
Compound (4.7) (0.60 g; 1.11 mmol) was dissolved in 10 mL of toluene. Me3SiCl (0.56 
mL; 4.44 mmol) was added dropwise at room temperature. The clear solution turned 
cloudy slowly which was stirred for 8 h. Toluene and volatiles were removed under 
vacuum to give a solid which was washed with pentane (2><3 mL), then dried under 
vacuum (0.53 g; 1.01 mmol; 91 %). *H NMR (C6D6, 500 MHz): 4.61 (br, 2H, CH2), 2.39 
(br, 2H, CH2), 2.29 (d,
 3JPH = 7 Hz, 6H, NC#3), 1.18 (br, 36H, PC(Gtf3)3).
 2H NMR 
81 
(C6D6, 500 MHz, 70°C): 2.42 (d,
 3JPH = 7 Hz, 6H, NC#3), 1.21 (d,
 3JPH = 14 Hz, 36H, 
PC(C//3)3), CH2 groups too broad as the baseline.
 l3C{lU} NMR (C6D6, 75 MHz, 70°C): 
5 53.5 (s, NCH2), 41.1 (d, 'jpc = 68 Hz, PC(CH3)3), 38.2 (s, NCH3), 28.5 (s, PC(CH3)3). 
31P{'H} NMR (C6D6, 121 MHz): 8 32.7. Anal. Calcd for C2oH46N4P2TiCl2: C, 45.90; H, 
8.86; N, 10.71. Found: C, 45.67; H, 8.59; N, 10.78. 
Synthesis of [(CH2(Me)NP(*-Bu2)N)2]TiMe2 (4.9). 
Compound (4.8) (0.30 g; 0.57 mmol) was suspended in 10 mL of diethyl ether. MeMgBr 
(0.73 mL; 2.29 mmol; 3M) was added dropwise at -35°C. The resulting cloudy solution 
was stirred for 6 h at room temperature. The solvent was removed under vacuum and the 
solid was extracted with hot hexanes ( 2 x 7 mL) then filtered through celite. Hexanes 
were removed under vacuum to give a tan solid (0.25 g; 0.52 mmol; 92 %). lH NMR 
(C6D6, 500 MHz): 4.23 (br, 2H, CH2), 2.40 (d,
 3JPH = 7 Hz, 6H, NC#3), 2.27 (br, 2H, 
CH2), 1.27 (br, 36H, PC(C#3)3), 0.96 (s, 6H, Ti(Ci/3)2). *H NMR (C6D6, 500 MHz, 50 
°C): 2.47 (d, 3JPH= 7 Hz, 6H, NC//3), 1.29 (d,
 3JPH= 14 Hz, 36H, PC(C//3)3), 0.86 (s, 6H, 
Ti(Ctf3)2), CH2 groups too broad as the baseline. ^C^H} NMR (C6D6, 75 MHz, 50 °C): 
52.8 (s, NCH2), 38.3 (s, NCH3), 36.9 (s, NCH3), 28.7 (s, PC(CH3)3), PC(CH3)3 not seen. 
31P{1H} NMR (C6D6, 121 MHz): 5 24.0. Anal. Calcd for C22H52N4P2Ti: C, 54.76; H, 
10.86; N, 11.61. Found: C, 54.55; H, 10.58; N, 11.77. 
Synthesis of [/-Bu2(Me2N)PN]2Ti(NMe2)2(4.10). 
M3u2(Me2N)PNH (1.2 g; 5.87 mmol) was dissolved in 5 ml of toluene then added 
dropwise to 20 mL toluene solution of Ti(NMe2)4 (0.65 g; 2.94 mmol) at room 
temperature. The orange solution was stirred for 12 h then pumped to dryness. The solid 
was re-dissolved in 3 mL of diethyl ether and cooled at -35°C for 48 h where most of the 
product crystallized. The solvent was decanted and the solid was dried under vacuum 
(1.41 g; 2.60 mmol; 90 %). JH NMR (C6D6, 500 MHz): 5 3.54 (s, 12H, Ti(N(Cf/3)2)2), 
2.77 (d, 3JPH = 7 Hz, 12H, PN(C#3)2), 1.32 (d,
 3JPH = 14 Hz, 36H, PC(Ci/3)3).
 i3C{lU} 
NMR (C6D6, 75 MHz): 5 47.8 (s, TiN(CH3)2), 40.0 (d,
 1JPC= 65 Hz, PC(CH3)3), 39.6 (s, 
PN(CH3)2), 28.9 (s, PC(CH3)3).
 31P{1H} NMR (C6D6, 121 MHz): 5 25.3. Anal. Calcd for 
C24H6oN6P2Ti: C, 53.13; H, 11.15;N, 15.49. Found: C, 53.35; H, 10.87; N, 15.78. 
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Synthesis of [f-Bu2(Me2N)PN]2TiCl2(4.11). 
Compound (4.10) (0.55 g; 1.01 mmol) was dissolved in 10 ml of toluene. Me3SiCl (0.52 
mL; 4.06 mmol) was added dropwise at room temperature. The orange solution turned 
cloudy within few minutes. After stirring for 6 h, toluene was removed under vacuum to 
give a yellowish solid (0.50 g; 0.95 mmol; 94 %). !H NMR (C6D6, 500 MHz): 5 2.61 (d, 
3JPH= 8.0 Hz, 12H, N(Ctf3)2), 1-25 (d,
 3JPH = 14.0 Hz, 36H, PC(Ci/3)3).
 13C{'H} NMR 
(C6D6, 75 MHz): 5 41.3 (d, 'JPC = 67 Hz, PC(CH3)3), 39.7 (s, N(CH3)2), 28.5 (s, 
PC(CH3)3).
 nF{lH} NMR (C6D6, 121 MHz): 8 32.3. Anal. Calcd for C2oH46N4P2TiCl2: C, 
45.90; H, 8.86; N, 10.71. Found: C, 46.16; H, 9.10; N, 10.59. 
Synthesis of [r-Bu2(Me2N)PN]2TiMe2 (4.12). 
Compound (4.11) (0.40 g; 0.76 mmol) was suspended in 10 ml of diethyl ether. MeMgBr 
(1.00 mL, 3.04 mmol, 3M) was added dropwise at room temperature. The cloudy solution 
became clear in few minutes which was stirred for 4 h then pumped to dryness. The 
product was extracted with hexanes (2 x 10 mL) then filtered through celite. The product 
was dried under vacuum (0.31 g; 0.64 mmol; 84 %). !H NMR (C6D6, 500 MHz): 8 2.73 
(d, 3JPH - 5 Hz, 12H, N(Ci/3)2), 1.33 (d,
 3JPH = 15 Hz, 36H, PC(Ci/3)3), 0.96 (s, 6H, 
Ti(C//3)2). ^Cf'H} NMR (C6D6, 75 MHz): 5 40.7 (d, V = 69 Hz, PC(CH3)3), 39.5 (s, 
N(CH3)2), 38.6 (s, Ti(CH3)2), 28.8 (s, PC(CH3)3).
 31P{1H} NMR (C6D6, 121 MHz): 5 
24.2. Anal. Calcd for C22H52N4P2Ti: C, 54.76; H, 10.86; N, 11.61. Found: C, 54.48; H, 
11.12; N, 11.31. 
Synthesis of [f-Bu2[CH2=CHCH2(Me2)C]PN]2Ti(NMe2)2 (4.13). 
Compound (4.4) (0.78 g; 3.20 mmol) was dissolved in 3 mL of toluene then added 
dropwise to a toluene solution of Ti(NMe2)4 (0.35 g; 1.57 mmol) at room temperature. 
The pale yellow solution was stirred at room temperature for 24 h. Toluene was removed 
under vacuum to give a thick yellow oil and some white precipitate which was removed 
by filtration in pentane (5 mL) then kept in freezer at -35°C for 48 h. A waxy solid formed 
which was isolated and dried under vacuum (0.84 g; 1.35 mmol; 87 %). *H NMR (C6D6, 
500 MHz): 8 5.83 (m, 2H, CH2=C/7CH2(CH3)2CP), 5.11 (d,
 3J - 14 Hz, 4H, 
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Ci/2=CHCH2(CH3)2CP), 3.51 (s, 12H, N(C/73)2), 2.80 (t, J = 6 Hz, 4H, 
CH2=CHC//2(CH3)2CP), 1.40 (d,
 3JPH = 12 Hz, 48H, CH2=CHCH2(C//3)2CP and 
PC(C//3)3).
 13C{'H} NMR (C6D6, 75 MHz): 5 135.2 (d,
 3JPC = 11 Hz, 
CH2=CHCH2(CH3)2CP), 118.5 (s, CH2=CHCH2(CH3)2CP), 48.4 (s, N(CH3)2), 44.0 (d, 
1JPC = 46 Hz, CH2=CHCH2(CH3)2CP), 43.0 (s, CH2=CHCH2(CH3)2CP), 41.0 (d,
 1JPC= 46 
Hz, PC(CH3)3), 30.5 (s, PC(CH3)3), 25.5 (s, CH2=CHCH2(CH3)2CP).
 31P{!H} NMR 
(C6D6, 121 MHz): 5 26.9. Anal. Calcd for C32H70N4P2Ti: C, 61.92; H, 11.37; N, 9.03. 
Found: C, 61.39; H, 11.02; N, 8.81. 
Synthesis of [^Bu2[CH2=CHCH2(Me2)C]PN]2TiCl2(4.14). 
Compound (4.13) (0.30 g; 0.48 mmol) was dissolved in 5 mL of toluene. Me3SiCl (0.25 
mL; 1.93 mmol) was added dropwise at room temperature. The clear pale yellow solution 
was stirred overnight then pumped to dryness to give a white solid (0.25 g; 0.41 mmol; 86 
%). 'H NMR (C6D6, 300 MHz): 5 5.71 (m, 2H, CH2=C//CH2(CH3)2CP), 5.08 (d,
 3J= 14 
Hz, 4H, C#2=CHCH2(CH3)2CP), 2.72 (t, J = 6 Hz, 4H, CH2=CHC//2(CH3)2CP), 1.38 (d, 
3JPH = 12 Hz, 12H, CH2=CHCH2(C//3)2CP), 1.34 (d,
 3JPH = 12 Hz, 36H, PC(C//3)3). 
13C{'H} NMR (C6D6, 75 MHz): 5 133.7 (d,
 3JPC= 11 Hz, CH2=CHCH2(CH3)2CP), 119.5 
(s, CH2=CHCH2(CH3)2CP), 45.1 (d, 'JPC = 46 Hz, CH2=CHCH2(CH3)2CP), 42.9 (s, 
CH2=CHCH2(CH3)2CP), 42.2 (d,
 l3?c = 46 Hz, PC(CH3)3), 30.4 (s, PC(CH3)3), 25.6 (s, 
CH2=CHCH2(CH3)2CP).
 31P{1H} NMR (C6D6, 121 MHz): 5 35.9. Anal. Calcd for 
C28H58N2P2TiCl2: C, 55.73; H, 9.69; N, 4.64. Found: C, 55.14; H, 9.47; N, 4.56. 
Synthesis of [*-Bu2[CH2=CHCH2(Me2)C]PN]2TiMe2(4.15). 
Compound (4.14) (0.69 g; 1.14 mmol) was dissolved in 5 mL of diethyl ether. MeMgBr 
3M (1.52 mL; 4.57 mmol) was added dropwise at room temperature. The solution was 
stirred for 8 h then pumped to dryness. The product was extracted with hot hexanes (10 
mL) then filtered through celite. Removing hexanes under vacuum gave a red oil (0.55 g; 
0.98 mmol; 86 %). *H NMR (C6D6, 500 MHz): 5 5.80 (m, 2H, CH2=Ci/CH2(CH3)2CP), 
5.10 (s, 2H, Ci/2=CHCH2(CH3)2CP), 5.07 (d,
 3J = 7 Hz, 2H, C#2=CHCH2(CH3)2CP), 
2.79 (t, J = 7 Hz, 4H, CH2=CHCi/2(CH3)2CP), 1.42 (d,
 3JPH = 14 Hz, 12H, 
CH2=CHCH2(C#3)2CP), 1.40 (d,
 3JPH= 13 Hz, 36H, PC(C//3)3), 0.92 (s, 6H, Ti(C//3)2). 
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"C^H} NMR (C6D6, 75 MHz): 8 134.8 (d,
 3JPC= 11 Hz, CH2=CHCH2(CH3)2CP), 118.8 
(s, CH2=CHCH2(CH3)2CP), 44.6 (d,
 lJK = 45 Hz, CH2=CHCH2(CH3)2CP), 43.3 (s, 
CH2=CHCH2(CH3)2CP), 41.7 (d, V = 45 Hz, PC(CH3)3), 37.2 (s, Ti(CH3)2), 30.5 (s, 
PC(CH3)3), 25.7 (s, CH2=CHCH2(CH3)2CP).
 3lV{lU} NMR (C6D6,121 MHz): 5 26.3. 
Synthesis of [CH2=C[CH2C(Me2)P(^Bu2)N]2]Ti(NMe2)2 (4.16). 
Ti(NMe2)4 (0.61 g; 2.72 mmol) was dissolved in 15 mL of toluene then transferred into a 
syringe. It was added dropwise over 5 h using a syringe pump to a toluene solution (300 
mL) of compound (4.6) (1.25 g; 2.72 mmol). The pale yellow solution was stirred 
overnight at room temperature. Toluene was removed under vacuum to give a residue 
which was re-dissolved in 5 mL of hexanes and kept in freezer at -35°C for 12 h. A 
crystalline solid formed which was filtered quickly then dried under vacuum (1.10 g; 1.86 
mmol; 69 %). !H NMR (C6D6, 500 MHz): 5 4.89 (s, 2H, CH2=C), 3.57 (s, 12H, N(CH3)2), 
3.15 - 2.85 (br, 4H, C//2C(CH3)2P), 1.37 (d,
 3JPH= 10 Hz, 48H, C(CHi)2? and PC(C//3)3). 
^C^H} NMR (C6D6, 75 MHz): 5 147.7 (s, CH2=CCH2C(CH3)2P), 116.3 (s, 
CH2=CCH2C(CH3)2P), 47.9 (s, N(CH3)2), 46.6 (s, CH2=CCH2C(CH3)2P), 45.7 (d, V = 
45 Hz, CH2=CCH2C(CH3)2P), 40.5 (d, ^ = 4 5 Hz, PC(CH3)3), 30.7 (s, PC(CH3)3), 26.4 
(s, CH2=CCH2C(CH3)2P).
 3l?{lU} NMR (C6D6, 121 MHz): 5 28.6. Anal. Calcd for 
C26H56N2P2Ti: C, 60.79; H, 11.22; N, 9.45. Found: C, 60.83; H, 10.94; N, 9.19. 
Synthesis of [CH2=C[CH2C(Me2)P(r-Bu2)N]2]TiCl2 (4.17). 
Compound (4.16) (0.31 g; 0.52 mmol) was dissolved in 10 mL of toluene. Me3SiCl (0.33 
mL; 2.58 mmol) was added dropwise at room temperature. The clear solution became 
cloudy within few minutes. After stirring the solution for 7 h, it was transferred to freezer 
at -35°C. The precipitate was isolated and dried under vacuum (0.27 g; 0.47 mmol; 90 %). 
lH NMR (C6D6, 500 MHz): 6 4.81 (s, 2H, CH2=C), 3.10 (br, 4H, C#2C(CH3)2P), 1.28 (d, 
3JPH = 10 Hz, 36H, PC(CH3)3), 1.25 (d,
 3JPH = 20 Hz, 12H, C(Ci/3)2P).
 13C{'H} NMR 
(C6D6, 75 MHz): 5 145.9 (s, CH2=CH2C(CH3)2PQ, 117.6 (s, CH2=CCH2C(CH3)2P), 46.9 
(s, CH2=CCH2C(CH3)2P), 45.4 (d, ^ = 4 1 Hz, CH2=CCH2C(CH3)2P), 42.7 (d,
 lJPC = 45 
Hz, PC(CH3)3), 30.3 (s, PC(CH3)3), 26.4 (s, CH2=CCH2C(CH3)2P).
 31P{1H} NMR (C6D6, 
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121 MHz): 5 37.9. Anal. Calcd for C26H54Cl2N2P2Ti: C, 54.27; H, 9.46; N, 4.87. Found: 
C, 53.98; H, 9.39; N, 4.59. 
Synthesis of [CH2=C[CH2C(Me2)P(f-Bii2)N]2]TiMe2 (4.18). 
Compound (4.17) (0.22 g; 0.38 mmol) was suspended in 10 mL of diethylether. MeMgBr 
3M (0.63 mL; 1.91 mmol) was added dropwise at room temperature. The cloudy solution 
was stirred for 6 h then pumped to dryness. The product was extracted with hot hexanes 
( 2 x 7 mL) then filtered through celite. Removing hexanes under vacuum gave a white 
solid (0.17 g; 0.31 mmol; 85 %). *H NMR (C6D6, 500 MHz): 8 4.85 (s, 2H, CH2=C), 2.93 
(br, 4H, Ci/2C(CH3)2P), 1.38 (d,
 3JPH = 15 Hz, 36H, PC(C//3)3), 1.32 (d,
 3JPH = 10 Hz, 
12H, C(Ci/3)2P), 0.97 (s, 6H, Ti(C//3)2). ^Cl'H} NMR (C6D6, 75 MHz): 8 147.0 (s, 
CH2=CCH2C(CH3)2P), 116.8 (s, CH2=CCH2C(CH3)2P), 46.6 (s, CH2=CCH2C(CH3)2P), 
45.5 (d, 1JPC = 41 Hz, CH2=CCH2C(CH3)2P), 41.8 (d,
 li?c = 45 Hz, PC(CH3)3), 37.7 (s, 
Ti(CH3)2), 30.5 (s, PC(CH3)3), 26.3 (s, CH2=CCH2C(CH3)2P). ^P^H} NMR (C6D6, 121 
MHz): 8 29.6. Anal. Calcd for C28H6oN2P2Ti: C, 62.91; H, 11.31; N, 5.24. Found: C, 
62.97; H, 11.41; N, 5.55. 
Synthesis of CH2=C[CH2C(Me2)P(f-Bu2)NTi(Cp)Cl2]2 (4.19). 
CpTiCl3 (0.14 g; 0.64 mmol) was dissolved in 15 mL of toluene. Compound (4.5) (0.19 g; 
0.32 mmol) was added as a solid. The clear solution was refluxed for 10 h during which a 
yellow precipitate formed. The solution was concentrated to ~ 5 mL to precipitate most of 
the product then filtered. The yellow solid was washed with hexanes (2 x 5 mL) then 
dried under vacuum (0.19 g; 0.23 mmol; 73 %). JH NMR (CD2C12, 500 MHz): 8 6.47 (s, 
10H, Cp), 5.19 (s, 2H, CCH2), 2.79 (d,
 3JPH= 6 Hz, 4H, PC(CH3)2Gtf2), 1.56 (d,
 3JPH= 14 
Hz, 36H, PC(C//3)3), 1.55 (d,
 3JPH= 15 Hz, 12H, PC(Ci/3)2).
 13C{!H} NMR (CD2C12, 75 
MHz): 8 137.6 (s, PC(CH3)2CH2C(CH2)), 124.6 (s, PC(CH3)2CH2C(CH2)), 115.7 (s, Cp), 
47.9 (d, 'JPC= 40 Hz, PC(CH3)2CH2C(CH2)), 44.5 (s, PC(CH3)2CH2C(CH2)), 43.3 (d,
 l3PC 
= 45 Hz, PC(CH3)3), 30.3 (s, PC(CH3)3), 25.9 (s, PC(CH3)2CH2C(CH2)).
 31P{1H} NMR 
(CD2C12, 121 MHz): 8 49.0. Anal. Calcd for C36H64N2P2Ti2Cl4: C, 52.45; H, 7.82; N, 
3.40. Found: C, 52.73; H, 8.18; N, 3.71. 
86 
Synthesis of CH2=C[CH2C(Me2)P(f-Bu2)NTi(Cp)Me2]2 (4.20). 
Compound (4.19) (0.15 g; 0.18 mmol) was suspended in 5 mL of diethyl ether. MeMgBr 
3M (0.48 mL; 1.15 mmol) was added dropwise at room temperature. The solution was 
stirred for 6 h then pumped to dryness. The product was extracted with hot toluene (2 x 5 
mL) then filtered through celite. Removing toluene under vacuum gave a white solid 
(0.11 g; 0.15 mmol; 81 %). lH NMR (C6D6, 500 MHz): 5 6.23 (s, 10H, Cp), 4.97 (s, 2H, 
CCH2), 2.77 (d,
 3JPH= 5 Hz, 4H, PC(CH3)2C/f2), 1.41 (d,
 3JPH = 14 Hz, 12H, PC(C//3)2), 
1.30 (d, 3JpH= 13 Hz, 36H, PC(C/73)3), 0.68 (s, 12H, Ti(C//3)2). ^Cj'H} NMR (C6D6, 75 
MHz): 8 139.7 (s, PC(CH3)2CH2C(CH2)), 122.7 (s, PC(CH3)2CH2C(CH2)), 111.3 (s, Cp), 
46.8 (d, 1JpC= 43 Hz, PC(CH3)2CH2C(CH2)), 44.9 (s, PC(CH3)2CH2C(CH2)), 42.4 (d,
 lJPC 
= 44 Hz, PC(CH3)3), 40.8 (s, Ti(CH3)2), 30.4 (s, PC(CH3)3), 26.0 (s, 
PC(CH3)2CH2C(CH2)). ^Pf'H} NMR (C6D6, 121 MHz): 8 32.6. Anal. Calcd for 
C4oH76N2P2Ti2: C, 64.68; H, 10.31; N, 3.77. Found: C, 64.35; H, 10.61; N, 4.06. 
Synthesis of CH2=C[CH2C(Me2)P(r-Bu2)NTi(Cp)(NMe2)2]2 (4.21). 
Compound (4.19) (0.15 g; 0.12 mmol) was dissolved in 8 mL of THF. LiNMe2 (25 mg; 
49 mmol) was dissolved in 5 mL of THF then added dropwise to the above at room 
temperature. The yellow solution turned red within 15 min. After stirring for 6 h, the 
solvent was removed under vacuum. Toluene (10 mL) was added to extract the product 
which was filtered hot through celite. The solution was concentrated to ~ 5 mL then kept 
in freezer at -35°C for 24 h. Light red solid precipitated which was isolated and dried 
under vacuum (0.04 g; 0.05 mmol; 38 %). *H NMR (C6D6, 500 MHz): 5 6.20 (s, 10H, 
Cp), 5.01 (s, 2H, CCH2), 3.28 (s, 24H, N(C#3)2), 2.76 (d,
 3JPH= 5 Hz, 4H, PC(CH3)2C//2), 
1.43 (d, 3JPH= 14 Hz, 12H, PC(C#3)2), 1.33 (d,
 3JPH= 14 Hz, 36H, PC(Gtf3)3). ^C^H} 
NMR (C6D6, 75 MHz): 5 141.1 (s, PC(CH3)2CH2C(CH2)), 121.9 (s, 
PC(CH3)2CH2C(CH2)), 110.2 (s, Cp), 50.8 (s, N(CH3)2), 46.1 (d, 'jpC = 43 Hz, 
PC(CH3)2CH2C(CH2)), 44.7 (s, PC(CH3)2CH2C(CH2)), 41.7 (d,
 1JPC= 44 Hz, PC(CH3)3), 
30.5 (s, PC(CH3)3), 26.1 (s, PC(CH3)2CH2C(CH2)).
 31P{]H} NMR (C6D6, 121 MHz): 5 
29.4. 
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Synthesis of CH2=C[CH2C(Me2)P(*-Bu2)NTi(Cp*)Cl2]2 (4.22). 
Cp*TiCl3 (0.15 g; 0.52 mmol) was dissolved in 15 mL of toluene. Compound (4.5) (0.15 
g; 0.25 mmol) was added as solid. The clear solution was refluxed for 10 h during which 
an orange precipitate formed. The solution was concentrated to ~ 5 mL to precipitate most 
of the product then filtered. The orange solid was washed with hexanes (2 * 5 mL) then 
dried under vacuum (0.18 g; 0.19 mmol; 75 %). 'H NMR (CD2C12, 500 MHz): 8 5.18 (s, 
2H, CCH2), 2.79 (d,
 3JPH = 6 Hz, 4H, PC(CH3)2C#2), 2.11 (s, 30H, C5(C//3)5), 1.54 (d, 
3JPH= 15 Hz, 36H, PC(C#3)3), 1.52 (d,
 3JPH = 15 Hz, 12H, PC(C//3)2). "C^H} NMR 
(CD2C12, 75 MHz): 5 138.4 (t,
 3JPC= 14 Hz, PC(CH3)2CH2C(CH2)), 126.1 (s, C5(CH3)5), 
124.2 (s, PC(CH3)2CH2C(CH2)), 47.7 (d, 'JPC = 40 Hz, PC(CH3)2CH2C(CH2)), 44.4 (s, 
PC(CH3)2CH2C(CH2)), 43.2 (d, ' j P C = 45 Hz, PC(CH3)3), 30.6 (s, PC(CH3)3), 26.0 (s, 
PC(CH3)2CH2C(CH2)), 13.2 (s, C5(CH3)5).
 31P{'H} NMR (CD2C12, 121 MHz): 5 48.1. 
Anal. Calcd for C46H84N2P2Ti2Cl4: C, 57.27; H, 8.78; N, 2.90. Found: C, 57.61; H, 8.61; 
N, 3.29. 
Synthesis of CH2=C[CH2C(Me2)P^-Bu2)NTi(Cp*)Me2]2 (4.23). 
Compound (4.22) (0.30 g; 0.31 mmol) was suspended in 10 mL of diethyl ether. MeMgBr 
3M (0.83 mL; 2.49 mmol) was added dropwise at room temperature. The solution was 
stirred for 8 h then pumped to dryness. The product was extracted with hot toluene (2 * 
10 mL) then filtered through celite. Removing toluene under vacuum gave a white solid 
(0.21 g; 0.24 mmol; 78 %). 2H NMR (C6D6, 500 MHz): 5 5.03 (s, 2H, CCH2), 2.84 (d, 
3JPH = 5 Hz, 4H, PC(CH3)2Ci/2), 2.06 (s, 30H, C5(Ci/3)5), 1.53 (d,
 3JPH = 14 Hz, 12H, 
PC(C//3)2), 1.41 (d,
 3JPH = 13 Hz, 36H, PC(C//3)3), 0.43 (s, 12H, Ti(C#3)2).
 13C{'H} 
NMR (C6D6, 75 MHz): 5 140.3 (s, PC(CH3)2CH2C(CH2)), 122.5 (s, 
PC(CH3)2CH2C(CH2)), 118.6 (s, C5(CH3)5), 47.2 (d, 'jPc= 44 Hz, PC(CH3)2CH2C(CH2)), 
44.9 (s, PC(CH3)2CH2C(CH2)), 43.9 (s, Ti(CH3)2), 42.7 (d,
 1JPC= 45 Hz, PC(CH3)3), 30.8 
(s, PC(CH3)3), 26.5 (s, PC(CH3)2CH2C(CH2)), 12.6 (s, C5(CH3)5).
 31P{'H} NMR (C6D6, 
121 MHz): 5 32.5. Anal. Calcd for C5oH96N2P2Ti2: C, 68.01; H, 10.96; N, 3.17. Found: C, 
67.99; H, 10.61; N, 3.57. 
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4.2.7 Polymerization Protocol 
Refer to section 3.2.7. 
4.2.8 X-Ray Data Collection, Reduction, Solution and Refinement 
Crystals were manipulated and mounted in capillaries in a glovebox, thus maintaining a 
dry, oxygen-free environment for each crystal. Diffraction experiments were performed 
on a Siemens SMART System CCD diffractometer. The data (4.5°< 2#<45-50.0°) were 
collected in a hemisphere of data in 1329 frames with 10 second exposure times. The 
observed extinctions were consistent with the space groups in each case. A measure of 
decay was obtained by re-collecting the first 50 frames of each data set. The intensities of 
reflections within these frames showed no statistically significant change over the 
duration of the data collections. The data were processed using the SAINT and 
SHELXTL processing packages. An empirical absorption correction based on redundant 
data was applied to each data set. Subsequent solution and refinement was performed 
using the SHELXTL solution package. Non-hydrogen atomic scattering factors were 
taken from the literature tabulations. The heavy atom positions were determined using 
direct methods employing the SHELXTL direct methods routine. The remaining non-
hydrogen atoms were located from successive difference Fourier map calculations. The 
refinements were carried out by using full-matrix least squares techniques on F2, 
2 7 9 
minimizing the function GO (|F0 |-|FC |) where the weight o is defined as 4F0 /2a (F0) and 
F0 and Fc are the observed and calculated structure factor amplitudes, respectively. In the 
final cycles of each refinement, all non-hydrogen atoms were assigned anisotropic 
temperature factors in the absence of disorder or insufficient data. In the latter cases atoms 
were treated isotropically. C-H atom positions were calculated and allowed to ride on the 
carbon to which they are bonded assuming a C-H bond length of 0.95 A. H-atom 
temperature factors were fixed at 1.10 times the isotropic temperature factor of the C-
atom to which they are bonded. The H-atom contributions were calculated, but not 
refined. The locations of the largest peaks in the final difference Fourier map calculation 
89 
as well as the magnitude of the residual electron densities in each case were of no 
chemical significance. 
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The data was collected at 24°C with Mo Ka radiation (X = 0.71073 A) 
R = S I I F O I - I F J I / 2 | F O I , R W = [ 2 ( I F 0 | - | F C | )
2 / S | F 0 |
2 ] 0 - 5 
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The data was collected at 24°C with Mo Ka radiation (X = 0.71073 A) 
R = S I | F O I - I F C | I / s | F 0 | , R W = [ S ( | F 0 | - | F C | )
2 / I | F 0 |
2 ] 0 - 5 
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4.3 Results and Discussion 
The general synthetic procedure for preparing 6/s-phosphine ligands involves reaction of 
R2PLi or R2PH with primary dihaloalkanes. This method offers no substitution on the 
linking fragment. Thus, a chelating ligand made by easier different method should be 
targeted. This is derived from a diamine linker that is able to provide additional 
substitution alpha to phosphorous. This type of bidentate ligands 
[R2P(R
,)N(CH2)XN(R
,)PR2] have been reported in the literature and used for synthesizing 
late metal complexes.109"111 To do so, the deprotonation of N,N"-dimethylethylenediamine 
with «-BuLi and subsequent reaction with /-BU2PCI ultimately affords a light yellow solid 
(4.1) in 86% yield (Scheme 4.1). This product gives rise to lU and l*C{lK} NMR spectra 
which are consistent with the formulation of (4.1) as (CH2(Me)NP7-Bu2)2. The
 31P NMR 
shows two signals at room temperature, a mojor peak at 104.5 ppm and a minor peak at 
107.9 ppm. This is probably due to slow inversion of nitrogen atoms. When heated at 
50°C, both signals merge to give only one sharp signal at 105.4 ppm. The same method 
was applied to prepare more fe-phosphines using bulkier diamines such as N,N'-
diisopropylethylenediamine and N,N'-diphenylethylenediamine. All attempts failed to 
make the desired products due probably to increased steric congestion around P atom. 
The treatment of (4.1) with N3SiMe3 effects oxidation of (4.1) to (CH2(Me)NP(f-
Bu2)NSiMe3)2 (4.2) which was isolated in 88% yield. This oxidation is concurrent with a 
dramatic shift in the 31P NMR signal to 36.2 ppm. The corresponding Zu's-phosphinimine 
(CH2(Me)NP(f-Bu2)NH)2 (4.3) is obtained as a solid by treatment of (4.2) with methanol. 
Again, the 31P NMR spectrum is diagnostic as the resonance shifts to 62.1 ppm. In 
addition to the other resonances, a !H NMR signal is also observed at 0.37 ppm consistent 
with the presence of the NH protons. 
Complexation of Ti is readily achieved via slow treatment of (4.3) with Ti(NMe2)4. This 
process yields the Ti complex [(CH2(Me)NP(?-Bu2)N)2]Ti(NMe2)2 (4.7) in 82% isolated 
yield (Scheme 4.1). *H NMR at 0°C showed two multiplet resonances at 4.36 and 2.32 
ppm attributable to the methylene protons, a doublet at 2.47 ppm for NMe and two 
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doublets at 1.30 and 1.23 ppm arising from the tert-buty\ groups. Upon warming to 70°C 
the methylene protons broaden into the baseline while the /er/-butyl resonances merge to 
a single resonance at 1.28 ppm. Although limiting spectra were not accessible and thus 
the barrier to this process could not be determined, these data suggest thermal induced 
flipping of the chelate backbone. The formulation of (4.7) was confirmed unambiguously 
via X-ray crystallography (Figure 4.2), which also shows a pseudo-tetrahedral geometry 
about Ti. The Ti-phosphinimide Ti-N bond lengths were found to be 1.844(3) A, and 
1.845(3) A, whereas the Ti-amido Ti-N distances were 1.923(3) A and 1.928(3) A. These 
Ti-N distances are significantly longer than those seen in (/-Bu3PN)2TiCl2 (1.789(4) A, 
1.792(4) A) and (/-Bu3PN)2TiMe2 (1.824(2) A, 1.830(2) A).
62 This may reflect steric 
conflict of the chelating few-phosphinimide with the NMe2 substituents. Similarly the 
phosphinimide and amido P-N distances in (4.7) average 1.552(3) A and 1.675(3) A, 
respectively. The chelate bite angle N-Ti-N was determined to be 112.22(12)°, while the 
P-N-Ti vectors approach linearity at 161.1(2)° and 161.47(19)°. These latter angles are 
somewhat smaller than those seen in (?-Bu3PN)2TiCl2) (175.5(2)°) and (f-Bu3PN)2TiMe2 
(167.8(3)°)62 suggesting that the presence of the linking ethylene-diamine fragment may 
exhibit some strain. This view is consistent with the observed ligand bite angle which is 
smaller than the N-Ti-N angle seen in (*-Bu3PN)2TiCl2 (112.9(2)°) and (f-Bu3PN)2TiMe2 
(117.24(11)°). 
a) b) 
Figure 4.2: ORTEP drawing of (4.7); 30% thermal ellipsoids are shown. Hydrogen atoms 
are omitted for clarity, a) and b) are views that are approximately orthogonal to each 
other. Selected bond distances (A) and angles (°): Ti(l)-N(2) 1.844(3), Ti(l)-N(l) 
94 
1.845(3), Ti(l)-N(6) 1.923(3), Ti(l)-N(5) 1.928(3), P(l)-N(l) 1.554(3), P(l)-N(3) 
1.673(3), P(2)-N(2) 1.551(3), P(2)-N(4) 1.678(3), N(2)-Ti(l)-N(l) 112.22(12), N(2)-
Ti(l)-N(6) 109.09(13), N(l)-Ti(l)-N(6) 111.49(14), N(2)-Ti(l)-N(5) 112.53(13), N(l)-
Ti(l)-N(5) 107.22(14), N(6)-Ti(l)-N(5) 104.01(14), P(l)-N(l)-Ti(l) 161.1(2), P(2)-N(2> 
Ti(l) 161.47(19). 
Subsequent treatment of (4.7) with MesSiCl was shown to cleanly convert it to 
[(CH2(Me)NP(f-Bu2)N)2]TiCl2 (4.8) in 91% yield. The *H NMR spectrum of (4.8) at 
room temperature showed broad resonances attributable to the methylene groups of the 
ligand at 4.61 and 2.39 ppm. Similar to (4.7), warming to 70°C results in further 
broadening of these signals into the baseline. Compound (4.8) is readily converted to 
[(CH2(Me)NP(f-Bu2)N)2]TiMe2 (4.9) via treatment with MeMgBr. This affords (4.9) in 92 
% isolated yield. Compound (4.9) gives rise to the expected ligand !H NMR signals, a 
signal at 0.96 ppm attributed to the TiMe2 fragment and a
 31P NMR resonance at 24.0 
ppm. 
For the purposes of comparisons, the related species without the chelate linkage was 
targeted. The phosphinimine /-Bu2(Me2N)PNH was prepared in a similar fashion and 
reaction with Ti(NMe2)4 in the appropriate stoichiometry afforded the species [t-
Bu2(Me2N)PN]2Ti(NMe2)2 (4.10). Using similar synthetic methods, this compound was 
converted to |>Bu2(Me2N)PN]2TiCl2 (4.11) and subsequently [/-Bu2(Me2N)PN]2TiMe2 
(4.12). These species were each obtained in yields exceeding 84%. The spectroscopic data 
were consistent with these formulations and in the case of (4.10) and (4.12) these were 
confirmed crystallographically (Figures 4.3 and 4.4). The geometries about Ti in these 
compounds are similar to those described for (4.7). The N-Ti-N angle between the 
phosphinimide ligands are slightly greater at 113.54(12)° and 116.80(14)° in (4.10) and 
(4.12), respectively. Similarly, the phosphinimide Ti-N distances in (4.10) are slightly 
longer than those in (4.7) at 1.851(2) A and 1.852(3) A although the Ti-amido-N distances 
fall in the same range. The average P-N distances for the phosphinimide P-N bonds in 
(4.10) are also slightly shorter at 1.547(3) A and 1.544(3) A, while the P-N-Ti angles are 
slightly greater at 162.50(19)° and 163.03(18)°. These data in comparison to those 
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reported for (4.7) affirm that the absence of the chelate linkage in (4.10) has little impact 
on the geometry either at Ti or P. In the case of (4.12) the presence of the methyl groups 
on Ti has a large impact on the structural parameters. The Ti-N distances in (4.12) were 
found to be 1.816(3) A and 1.822(3) A, significantly shorter than those seen in (4.7) or 
(4.10). The average Ti-C distance was 2.103(4) A, while the C-Ti-C angle was 
103.42(18)°. The phosphinimide P-N distances were observed to be 1.554(3) A and 
1.546(3) A, with P-N-Ti angles at 171.8(2)° and 178.7(2)° were closer to linearity than 
those seen for (4.7) or (4.10). 
\ p 











t-Bu > B u 
\ ; _ ,SiMe3 
c" 
' P.—N 
/ \ "SiMe3 
t-Bu 't-Bu 
4.2 
t-Bu > B u 
\ •' H 
\ ,P—N' 





f V Me 





c N <^ 
/ p / 
t-Bu 't-Bu 






N y ,xNMe2 
P 
t-Bu 't-Bu 
4.9 4.8 4.7 
Scheme 4.1: Synthesis of compounds (4.1) - (4.3) and (4.7) - (4.9) 
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Figure 4.3: ORTEP drawing of (4.10); 30% thermal ellipsoids are shown. Hydrogen 
atoms are omitted for clarity. Selected bond distances (A) and angles (°): Ti(l)-N(l) 
1.851(2), Ti(l)-N(3) 1.852(3), Ti(l)-N(5) 1.925(3), Ti(l)-N(6) 1.936(3), P(l)-N(l) 
1.547(3), P(l)-N(2) 1.688(3), P(2)-N(3) 1.544(3), P(2)-N(4) 1.791(4), N(l)-Ti(l)-N(3) 
113.54(12), N(l)-Ti(l)-N(5) 106.81(12), N(3)-Ti(l)-N(5) 112.67(13), N(l)-Ti(l)-N(6) 
112.69(13), N(3)-Ti(l)-N(6) 106.37(12), N(5)-Ti(l)-N(6) 104.49(13) P(l)-N(l)-Ti(l) 
162.50(19) P(2)-N(3)-Ti(l) 163.03(18). 
Figure 4.4: ORTEP drawing of (4.12); 30% thermal ellipsoids are shown. Hydrogen 
atoms are omitted for clarity. Selected bond distances (A) and angles (°): Ti(l)-N(l) 
1.816(3), Ti(l)-N(2) 1.822(3), Ti(l)-C(2) 2.102(4), Ti(l)-C(l) 2.105(4), P(l)-N(l) 
1.554(3), P(l)-N(3) 1.691(4), P(2)-N(2) 1.546(3), P(2)-N(4) 1.756(4), N(l)-Ti(l)-N(2) 
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116.80(14), N(l)-Ti(l)-C(2) 109.25(15), N(2)-Ti(l)-C(2) 107.87(16), N(l)-Ti(l)-C(l) 
108.79(18), N(2)-Ti(l)-C(l) 109.87(18), C(2)-Ti(l)-C(l) 103.42(18), P(l)-N(l)-Ti(l) 
171.8(2), P(2)-N(2)-Ti(l) 178.7(2). 
The successful work in chapter three in preparing linked phosphinimide-cyclopentadienyl 
titanium complexes using olefin metathesis technique encouraged us to apply the same 
method to prepare linked fe-phosphinimide titanium complexes as well. To start, a 
compound such as [M3u2(H2C=CH(CR2)PN]2TiX2 (X = NMe2, CI or Me, R = H or alkyl) 
must be prepared. The titanium compound described in chapter three t-
Bu2(H2C=CHCH2)PNTiCl3 (3.13) was treated with phosphinimine t-
Bu2(CH2=CHCH2)PNSiMe3 (3.2). Unfortunately, the desired product [t-
Bu2(H2C=CHCH2)PN]2TiCl2 did not form. An alternate route was formulated using the 
bulkier phosphinimine /-Bu2(CH2=CHCH2C(Me2))PNSiMe3 (3.1). Reaction of (3.1) with 
excess methanol generated the parent phosphinimine ^Bu2(CH2=CHCH2(Me)2C)PNH 
(4.4) as a pale yellow oil in 74% yield. 'H NMR signals at 5.77, 5.05 and 4.99 ppm were 
indicative of an olefinic fragment. The corresponding 13C{!H} NMR resonances at 134.8 
and 118.5 ppm in conjunction with DEPT experiments have confirmed the terminal nature 
of the olefin. This result contrast with the phosphinimine /-Bu2(MeCH=CH)PNH (3.3) 
which underwent isomerization during reaction with methanol. 
The complexation of Ti was achieved by reacting Ti(NMe2)4 with (4.4) in the appropriate 
stoichiometry to afford the product [/-Bu2[CH2=CHCH2(Me2)C]PN]2Ti(NMe2)2 (4.13) in 
87% yield. It was converted to |>Bu2[CH2=CHCH2(Me2)C]PN]2TiCl2 (4.14) using 
Me3SiCl and further to [?-Bu2[CH2=CHCH2(Me2)C]PN]2TiMe2 (4.15) using MeMgBr in 
high yields (Scheme 4.2). No change in the ligand structure was observed in 'H NMR or 
13C{1H} NMR. Both compounds (4.13) and (4.14) as substrates were treated separately 
with either [Cl2(PCy3)2Ru=CHPh] or [Cl2(PCy3)(H2IMes)Ru=CHPh] under a variety of 
reaction conditions to effect olefin metathesis. No reaction was observed in any instance. 
When the olefin metathesis reaction was also attempted using only the phosphinimine t-
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Scheme 4.2: Synthesis of compounds (4.4), (4.13) - (4.15) and attempted olefin 
metathesis 
After facing difficulties in utilizing olefin metathesis, a new method was considered and 
applied. A former group member, Dr. Gema Martinez, studied the reactivity of t-
Bu2(H2CLi)PNSiMe3 with chlorosilanes and reported the synthesis of Z>w-phosphinimine 
(Me3SiNP(r-Bu2)CH2SiMe2)20 by reacting *-Bu2(H2CLi)PNSiMe3 with 
ClSi(Me2)0(Me2)SiCl.
112 Reaction of the related compound f-Bu2(Me2CLi)PNSiMe3 (2.7) 
with dichlorosilanes ClSi(Me2)0(Me2)SiCl or Me2SiCl2 and even with dihaloalkanes 
X(CH2)nX (X = CI or Br, n = 2 or 3) did not proceed as expected. Instead, all reactions 
afforded the protonated phosphinimine ?-Bu2(/-Pr)PNSiMe3 (2.1) as the major product as 
31 
evidenced by J1P NMR and 'H NMR. 
The fact that ?-Bu2(Me2CLi)PNSiMe3 (2.7) reacts cleanly with allyl bromide to form t-
Bu2(CH2=CHCH2C(Me2))PNSiMe3 (3.1) is surprising at first. It is generally accepted in 
organic chemistry that nucleophiles react faster with allylic halides than with alkyl halides 
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because the olefin helps in expelling the leaving group. This is known as SN ' reaction 
1 1 ^ 
{nucleophilic bimolecular substitution with allylic rearrangement). This mechanism 
may explain the reactivity of MBu2(Me2CLi)PNSiMe3 (2.7) with allyl bromide compared 
to other alkyl halides (Scheme 4.3 (a)). If that is the case, an allylic dihalide can be 
utilized to prepare a linked fe-phosphinimine efficiently. The dihalide 3-chloro-2-
chloromethyl-1-propene was found to react smoothly with M3u2(Me2CLi)PNSiMe3 (2.7) 
in the appropriate stoichiometry to afford CH2=C[CH2C(Me2)P(f-Bu2)NSiMe3]2 (4.5). 
The proposed mechanism for the reaction could be explained schematically (Scheme 4.3 
(b)). 
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Scheme 4.3: Proposed mechanisms for the reaction of (2.7) with an allylic halide (a) and 
an allylic dihalide (b) 
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The 6/s-phosphinimine (4.5) was isolated as a white crystalline solid in 64% yield. The 
corresponding to-phosphinimine CH2=C[CH2C(Me2)P(/-Bu2)NH]2 (4.6) was obtained as 
a white solid by reacting (4.5) with methanol (Scheme 4.4). It exhibited a broad signal at 
-0.11 ppm in *H NMR indicative of NH and a signal at 60.1 ppm in 31P NMR consistent 
with this type of compounds. In both fe-phosphinimines (4.5) and (4.6), the olefin 
remains intact without isomerization. The reaction of Ti(NMe2)4 with Z>w-phosphinimines 
(4.6) was carried out in a dilute solution to afford the desired ^w-phosphinimide 
compound [CH2=C[CH2C(Me2)P(J-Bu2)N]2]Ti(NMe2)2 (4.16) in 69% isolated yield 
(Scheme 4.4). JH NMR at 25°C showed two singlets at 4.89 and 3.57 ppm arising from 
olefinic methylene protons and NMe2 groups, respectively, a broad signal centered at 3.00 
ppm attributable to the methylene protons and a doublet at 1.37 ppm for gem-dimethyl 
and tert-butyl groups. Upon warming to 60°C, the methylene protons sharpen to a clear 
doublet at 3.02 ppm. Compound (4.16) was treated with MesSiCl to afford 
[CH2=C[CH2C(Me2)P(f-Bu2)N]2]TiCl2 (4.17) in 90% yield and subsequently alkylated 
with MeMgBr to make [CH2=C[CH2C(Me2)P(f-Bu2)N]2]TiMe2 (4.18) in 85% yield. Both 
compounds (4.17) and (4.18) exhibited broadening of the methylene protons similar to 
(4.16). The structure of compound [CH2=C[CH2C(Me2)P(/-Bu2)N]2]TiCl2 (4.17) was 
further confirmed by X-ray crystallography (Figure 4.5). 
a) b) 
Figure 4.5: ORTEP drawing of (4.17); 30% thermal ellipsoids are shown. Most hydrogen 
atoms and solvent molecule (CgHg) are omitted for clarity, a) and b) are views that are 
approximately orthogonal to each other. Selected bond distances (A) and angles (°): 
Ti(l)-N(2) 1.786(3), Ti(l)-N(l) 1.783(3), Ti(l)-Cl(2) 2.2901(13), Ti(l)-Cl(l) 2.2881(14), 
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P(l)-N(l) 1.588(3), P(2)-N(2) 1.588(3), P(l)-C(9) 1.911(4), P(l)-C(16) 1.894(4), C(13> 
C(14) 1.323(6), N(l)-Ti(l)-N(2) 112.49(15), N(l)-Ti(l)-Cl(l) 110.34(10), N(l)-Ti(l)-
Cl(2) 108.91(10), N(2)-Ti(l)-Cl(l) 109.08(11), N(2)-Ti(l)-Cl(2) 109.07(11), Cl(l)-Ti(l)-
Cl(2) 106.78(7), P(l)-N(l)-Ti(l) 176.2(2), P(2)-N(2)-Ti(l) 176.3(2). 
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Scheme 4.4: Synthesis of (4.6), (4.16) - (4.18) 
The Ti-phosphinimide Ti-N bond lengths were found to be 1.783(3) A, and 1.786(3) A. 
The Ti-Cl bond lengths were seen to be 2.2901(13) A, and 2.2881(14) A. These bond 
lengths are almost identical to those seen in the closely related (/-Bu3PN)2TiCl2 (Ti-N 
1.789(4), A 1.792(4) A, and Ti-Cl 2.288(2) A, 2.292(2) A).62 In addition, the chelate N-
Ti-N bite angle of 112.49(15)° and P-N-Ti angles of 176.2(2)° and 176.3(2)° are very 
close to those seen in (/-Bu3PN)2TiCl2 (N-Ti-N 112.9(2)° and P-N-Ti 175.5(2)°). The 
longer linker in this Zn's-phosphinimide ligand - compared to the previous diamine - can 
accommodate both phosphinimides without significant alteration. It is noteworthy that 
linked Z)M-phosphinimide titanium compounds are slightly less soluble than the non-
linked ones. 
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Since the te-phosphinimine CH2=C[CH2C(Me2)P^-Bu2)NSiMe3]2 (4.5) has two bulky 
phosphinimines structurally similar to /-Bu3PNSiMe3, it would be interesting to determine 
if this ligand could be used to build a bimetallic type catalyst that is similar to the most 
active catalyst of the phosphinimide half-metallocene family Cp(M3u3PN)TiCl2. 
Generally, active bimetallic catalysts could produce polymers with broad molecular 
weight distributions.114"116 These polymers are preferred industrially due to their ease of 
processability during fabrication. Previously, several bimetallic compounds based on bis-
1 (VI 11*7 1 1 *7 1 18 
phosphinimide ligands were reported by Bochmann, Cavell and Stephan ' 
(Figure 4.6). Among those, the bimetallic catalyst /?-(CH2PCy2NTiCp*Me2)2C6H4 
exhibited the highest activity in ethylene polymerization when activated with 
[Ph3C][B(C6F5)4]. 
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Figure 4.6: Related bimetallic phosphinimide complexes. 
The Z>w-phosphinimine CH2=C[CH2C(Me2)P(/-Bu2)NSiMe3]2 (4.5) was reacted with two 
equivalents of CpTiCl3 precursors (Cp"= Cp, Cp*) in boiling toluene to afford the desired 
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bimetallic tetrachloride products CH2-C[CH2C(Me2)P(r-Bu2)NTi(Cp
,)Cl2]2 (Cp'= Cp 
(4.19), Cp*(4.22)) in 73% and 75% yields, respectively. These compounds were relatively 
insoluble in aromatic solvents such as benzene or toluene, but they were highly soluble in 
polar solvents such as CH2CI2 or THF. 31P NMR for both compounds showed one signal 
at 49.0 (4.19) and 48.1 (4.22) ppm indicating phosphorous centers are chemically 
equivalents. 'H NMR in CD2CI2 at room temperature showed sets of sharp signals 
representing Cp\ methylene, gem-dimethyl and tert-buty\ protons. These compounds 
were methylated by using MeMgBr in good yields to give white solids (Cp , = Cp (4.20), 
Cp*(4.23)) (Scheme 4.5). The solubility of the tetramethyl compounds was increased 
allowing NMR characterization in aromatic solvents. P NMR resonances at 32.6 (4.20) 
and (4.23) 32.5 ppm were consistent with methylated monometallic compounds. 
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Scheme 4.5: Synthesis of bimetallic compounds 
Ethylene Polymerization Catalysis 
It has been previously shown by Dr. Emily Hollink that the highest polymerization 
activities of fo's-phosphinimide titanium compounds were recorded when activated with 
[Ph3C][B(C6F5)4].
18 Other activators such as (B(C6F5)3 and MAO) were not effective due 
to the high possibility of dicationic species formation in the former and the fast catalyst 
decomposition in the later. Therefore, the &w-phosphinimide titanium dimethyl 
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compounds prepared in this chapter were only examined for ethylene polymerization 
activities with [Ph3C][B(C6F5)4]. 
The activities of the 6w-phosphinimide titanium dimethyl compounds in ethylene 
polymerization are shown below (Table 4.2) and they were compared to the activities of 
(/-Bu3PN)2TiMe2 and Cp(/-Bu3PN)TiMe2. According to Gibson's scale, these activity 
numbers range from moderate to good activities. The linked Zw-phosphinimide titanium 
compound (4.9) was slightly less active than the related non-linked 6/5-phosphinimide 
titanium compound (4.12) (830 vs. 1105). Similarly, the linked fo's-phosphinimide 
titanium compound (4.18) was also less active than the related non-linked bis-
phosphinimide titanium compound (4.15) (305 vs. 870). This is somewhat unexpected 
because generally bidentate ligands should provide higher stability than the monodentate 
ligands. The slight decrease in solubility of the linked fo's-phosphinimide titanium 
compounds compared to their non-linked counterparts might have affected the 
performance of these catalysts. 











































Conditions: Temperature = 30°C, Ethylene pressure = 2 atm, Catalyst cone. = 60 uL, Scavenger = A1(J'-BU)3 
Al:Ti ratio 20:1, Stir rate = 1500 rpm. Activator equivalence = 2, Duration = 5 min. 
a) Activity is reported in g mmol"1 hiatal"1. 
b) Polymer analysis not yet available. 
c) Polymer is not soluble in 1,2,4-trichlorobenzene. 
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As mentioned earlier, the 6«-phosphinimide titanium compound (/-Bu3PN)2TiMe2 is an 
extremely active catalyst under industrially relevant conditions (Table 4.3).6 In order to 
accurately compare the activity of the catalysts prepared in this chapter, it would be more 
relevant to test them under those conditions. 























a) Activity reported in g mmor'rf'atm"1. 
The bimetallic catalysts CH2=C[CH2C(Me2)P(?-Bu2)NTi(Cp
,)]vIe2]2 (Cp'= Cp (4.20), 
Cp*(4.23)) were also activated with two equivalents of [Ph3C][B(C6F5)4] and tested for 
ethylene polymerization. They showed high activities similar to the monometallic 
catalysts (Table 4.4). In case of (4.20), the activity exceeded that of Cp(/-Bu3PN)TiMe2 
under the same conditions. A high molecular weight of 1.2 x 106 was produced with 
narrow molecular weight distribution (PDI = 1.78). This narrow molecular weight 
distribution suggests single-site catalysis. 
These high activities given by the bimetallic catalysts show some potential for a future 
study. For instance, varying the number of activator equivalents ([Ph3C][B(C6F5)4] and 
B(C6F5)3) or using an aluminum-containing activator such as MAO might improve the 
activity of these catalysts. Also, combining Cp and Cp* in the same catalyst, would alter 
the electronics of the cationic species and thereby possibly produce a broader molecular 
weight distribution. 
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Conditions: Temperature = 30°C, Ethylene pressure = 2 atm, Catalyst cone. = 60 uL, Scavenger = Al(i-Bu)3 
Al:Ti ratio 20:1, Stir rate = 1500 rpm. Activator equivalence = 2, Duration = 5 min. 
a) Activity is reported in g mmor'h'atm"1. 
b) Polymer analysis not yet available. 
c) Polymer is not soluble in 1,2,4-trichlorobenzene. 
4.4 Summary and Conclusion 
Two synthetic methods have been developed to synthesize bulky linked bis-
phosphinimide titanium complexes. The first was prepared using N-substituted ethylene 
diamine linker while the second was prepared using an allylic linker. When activated, 
these complexes exhibited lower activities in ethylene polymerization than the non-linked 
counterparts. One of the 6/s-phosphinimine ligands was employed to build bimetallic 
compound. This compound showed high polymerization activities similar to the 
monometallic systems. 
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Phosphinimide Complexes of Hafnium 
5.1 Introduction 
Group IV metals titanium and zirconium complexes have been widely used as catalysts 
for olefin polymerization, ranging from metallocenes or half-metallocene to non-
metallocenes.41'54'66'96119 On the other hand, the complexes of the third-row metal hafnium 
have not shown the same degree of activity presumably due to high stability of Hf-C 
bonds.120 Recently, highly active non-metallocene complexes of hafnium for olefin 
polymerization have been reported based on the te-phenoxy-imine ligands (A)121"124 first 
introduced by researchers at Mitsui Chemicals and the pyridyl-amido ligand (B)125"127 
developed by scientists at DOW Chemical Company (Figure 5.1). 
Ar = aryl or C6H5.XFX 
R = H or t-Bu 
A B 
Figure 5.1: Recently reported active hafnium catalysts for olefin polymerization. 
Generally, it is difficult to predict which metal is going to be more active for a specific 
ligand sets. For instance, both titanium and zirconium species of the CGC system 
(C5(Me4)SiMe2N/-Bu)MCl2 are highly active catalyst for ethylene-octene 
copolymerization.41 In the case of the McConville system M[CH2(CH2NAr)2]Me2, the 
titanium species when activated with B(CeF5)3 can polymerize alpha-olefins through the 
'living' mechanism. However, the zirconium analogue is completely inactive under the 
same conditions but is moderately active when treated with [Ph3C][B(C6Fs)4].51'53 
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Conversely, the Schrock system [(7-BuN-o-C6H4)20]ZrMe2, when activated with 
[PhMe2NH][B(C6F5)4] can polymerize alpha-olefins through the 'living' mechanism, but 
the titanium analogue is inactive.128 
The research on phosphinimide metal complexes has been a major subject in our research 
group for the last decade following the success of phosphinimide titanium compounds in 
olefin polymerization. The work has been extended to include other metals such as 
zirconium and vanadium.19129 These complexes exhibited low activities in ethylene 
polymerization. In this chapter, the chemistry of phosphinimide hafnium was explored 
which showed ligand disproportionation in some cases. A few complexes were examined 
as catalysts for olefin polymerization. 
5.2 Experimental Section 
5.2.1 General Considerations 
All preparations were performed employing an atmosphere of dry, oxygen-free nitrogen 
utilizing standard Schlenk line techniques or a Vacuum Atmospheres inert atmosphere 
glovebox. 1H, " B ^ H } , " C ^ H } , 19F, and ^P^H} NMR data were acquired on Bruker 
Avance 300 or 500 MHz spectrometers. lU and ^C^H} NMR chemical shifts are listed 
downfield from tetramethylsilane in parts per million (ppm), and were referenced to the 
residual proton or carbon peak of the solvent. 31P{1H} NMR chemical shifts were 
referenced relative to 85% H3PO4 as an external standard. ' ' B J ' H } and 19F NMR 
chemical shifts were referenced relative to external standards: BF3Et20 and 80% CCI3F 




Anhydrous solvents including toluene, pentane, hexanes, and CH2CI2 were purchased 
from Aldrich Chemical Co., and were purified with Grubbs' column systems 
manufactured by Innovative Technology. C(,D6 and CD2CI2 were purchased from 
Cambridge Isotopes Laboratories, freeze-pump-thaw degassed (3 times) and vacuum 
distilled from the appropriate drying agents. 
5.2.3 Materials 
Hyflo Super Cel® (Celite) was purchased from Aldrich Chemical Co. and dried for 12 h 
in a vacuum oven prior to use. 4 A molecular sieves were purchased from Aldrich 





104 were prepared by 
literature methods. Hf(NEt2)4, CpHfCl3, Me3SiCl, MeMgBr (3M in diethyl ether), CpNa, 
MeaNLi were purchased from the Aldrich Chemical Co and used without further 
purification. Cp2HfCl2, Cp*HfCl3, HfCU were purchased from the Strem Chemical 
Company. B(C6F5)3 and [Ph3C][B(C6F5)4] were donated by NOVA Chemical 
Corporation. 
5.2.5 Synthesis of Phosphinimide Complexes of Hafnium 
Synthesis of (f-Bu3PN)Hf(NEt2)3 (5.1). 
The phosphinimine /-Bu3PNH (0.46 g; 2.12 mmol) was dissolved in 5 mL of toluene then 
added dropwise to toluene solution (10 mL) containing Hf(NEt2)4 (1.00 g; 2.12 mmol) at 
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room temperature. The light yellow solution was heated overnight at 70°C. Toluene was 
removed under vacuum to give a crystalline white solid (1.27 g; 2.08 mmo 1; 96 %). 'H 
NMR (C6D6, 500 MHz): 5 3.60 (q,
 3J = 7.3 Hz, 12H, NC//2CH3), 1.29 (t,
 3J = 7.3 Hz, 18 
H, NCH2C#3), 1-28 (d,
 3JPH= 13.0 Hz, 27H, PC(C#3)3).
 13C{'H} NMR (C6D6, 75 MHz): 
5 44.3 (s, NCH2CH3), 40.4 (d, 'JPC = 48 Hz, PC(CH3)3), 30.0 s, (PC(CH3)3), 16.9 (s, 
NCH2CH3).
 31P{!H} NMR (C6D6, 121 MHz): 8 38.5. Anal. Calcd for C24H57N4PH1: C, 
47.16; H, 9.40; N, 9.17. Found: C, 46.88; H, 9.24; N, 9.59. 
Synthesis of (f-Bu3PN)2Hf(NEt2)2 (5.2). 
The phosphinimine ?-Bu3PNH (0.93 g; 4.28 mmol) was dissolved in 5 mL of toluene then 
added dropwise to toluene solution (10 mL) containing Hf(NEt2)4 (1.00 g; 2.12 mmol) at 
room temperature. The solution was refluxed for 12 h. Toluene was removed under 
vacuum to give an orange oil. It was dissolved in pentane (5 mL) and stirred for 10 min. 
Removing pentane under vacuum gave a crystalline solid (1.55 g; 2.05 mmol; 96 %). *H 
NMR (C6D6, 500 MHz): 6 3.79 (q,
 3J = 7.3 Hz, 8H, NC#2CH3), 1.38 (d,
 3JPH = 12.5 Hz, 
54H, PC(C//3)3), 1.36 (t,
 3J= 7.3 Hz, 12 H, NCH2C#3).
 13C{!H} NMR (C6D6, 75 MHz): 5 
44.8 (s, NCH2CH3), 40.7 (d, 'jPc = 45 Hz, PC(CH3)3), 30.4 (s, PC(CH3)3), 16.9 (s, 
NCH2CH3).
 31P{!H} NMR (C6D6, 121 MHz): 5 35.8. Anal. Calcd for C32H74N4P2Hf: C, 
50.88; H, 9.87; N, 7.42. Found: C, 50.73; H, 10.13; N, 6.99. 
Synthesis of (*-Bu3PN)2HfCl2 (5.3). 
Compound (5.2) (1.00 g; 1.32 mmol) was dissolved in 10 mL of toluene. Me3SiCl (1.40 
mL; 10.59 mmol) was added dropwise to the clear solution at room temperature. A white 
solid started forming in few minutes. It was stirred for 8 h then pumped to dryness. The 
white solid was washed with hexanes (5 mL) then dried under vacuum (0.85 g; 1.26 
mmol; 95 %). lU NMR (C6D6, 500 MHz): 5 1.28 (d,
 3JPH = 10.0 Hz, 54H, PC(Ci/3)3). 
"C^H} NMR (C6D6, 75 MHz): S 41.0 (d, ^PC = 48 Hz, PC(CH3)3), 30.0 (s, PC(CH3)3). 
31P{'H} NMR (C6D6, 121 MHz): 5 41.3. Anal. Calcd for C24H54N2P2HfCl2: C, 42.26; H, 
7.98; N, 4.11. Found: C, 42.68; H, 8.11; N, 4.28. 
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Synthesis of (*-Bu3PN)2HiMe2 (5.4). 
Compound (5.3) (0.10 g; 0.15 mmol) was dissolved in 10 mL of diethyl ether. MeMgBr 
3M (0.19 mL; 0.59 mmol) was added dropwise at room temperature. The solution was 
stirred overnight then pumped to dryness. The product was extracted with hot hexanes (10 
mL) then filtered through celite. Removing hexanes under vacuum gave a white solid 
(0.09 g; 0.14 mmol; 93 %). *H NMR (C6D6, 500 MHz): 8 1.33 (d,
 3JPH = 10.5 Hz, 54H, 
PC(Gf73)3), 0.42 (s, 6H, Hf(C//3)2).
 13C{!H} NMR (C6D6, 75 MHz): 5 41.6 (s, Hf(CH3)2), 
40.7 (d, 1JPC= 45 Hz, PC(CH3)3), 30.1 (s, PC(CH3)3).
 31P{'H} NMR (C6D6, 121 MHz): 5 
37.2. Anal. Calcd for C26H60N2P2Hf: C, 48.70; H, 9.43; N, 4.37. Found: C, 48.54; H, 9.79; 
N, 4.28. 
Synthesis of (f-Bu3PN)3HfCl (5.5). 
HfCU (0.50 g; 1.56 mmol) was suspended in 5 mL of THF. f-Bu3PNLi (1.05 g; 4.68 
mmol) in 5 mL of THF was added quickly at room temperature. The suspension became 
clear within 30 min. It was stirred for another 8 h then pumped to dryness. The product 
was dissolved in 15 mL of toluene then filtered through celite. The solution was 
concentrated to ~ 3 mL then kept in freezer at -35°C for 48 h. A white solid precipitated 
which was isolated and dried under vacuum (0.83 g; 0.96 mmol; 62 %). 2H NMR (C6D6, 
500 MHz): 8 1.44 (d, 3JPH = 12.0 Hz, 81H, PC(C/f3)3). "Cf'H} NMR (C6D6, 75 MHz): 8 
41.1 (d, 'JPC= 45 Hz, PC(CH3)3), 30.7 (s, PC(CH3)3).
 31P{1H} NMR (C6D6, 121 MHz): 8 
36.0. Anal. Calcd for C36H8iN3P3HfCl: C, 50.11; H, 9.46; N, 4.87. Found: C, 50.13; H, 
9.71; N, 4.95. 
Synthesis of (*-Bu3PN)3HfMe (5.6). 
Compound (5.5) (0.20 g; 0.23 mmol) was dissolved in 5 mL of diethyl ether. MeMgBr 
3M (0.23 mL; 0.69 mmol) was added dropwise at room temperature. The solution was 
stirred for 4 h then pumped to dryness. The product was extracted with hexanes (2><5 
mL) then filtered through celite. Removing hexanes under vacuum gave a white solid 
(0.17 g; 0.20 mmol; 87 %). *H NMR (C6D6, 500 MHz): 8 1.44 (d,
 3JPH = 12.0 Hz, 81H, 
PC(C//3)3), 0.36 (s, 3H, HfCi/3).
 nC{lH} NMR (C6D6, 75 MHz): 8 41.0 (d,
 1JPC = 45 Hz, 
PC(CH3)3), 30.7 (s, PC(CH3)3), 29.1 (s, HfCH3).
 31P{1H} NMR (C6D6, 121 MHz): 8 34.1. 
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Synthesis of Cp(f-Bu3PN)2HfCI (5.7). 
Compound (5.3) (0.13 g; 0.19 mmol) was dissolved in 5 mL of THF. Solid CpNa (16.78 
mg; 0.19 mmol) was added to the above at -35°C. The solution was stirred at room 
temperature for 8 h then pumped to dryness. The product was dissolved in 7 mL of 
toluene then filtered through celite. Toluene was removed under vacuum to give a white 
solid (0.13 g; 0.18 mmol; 95 %). lU NMR (C6D6, 500 MHz): 5 6.57 (s, 5H, Cp), 1.31 (d, 
3JPH= 12.5 Hz, 54H, PC(C/73)3).
 13C{'H} NMR (C6D6, 75 MHz): 8 110.7 (s, Cp), 41.1 (d, 
lhc= 48 Hz, PC(CH3)3), 30.4 (s, PC(CH3)3).
 31P{'H} NMR (C6D6, 121 MHz): 8 37.4. 
Anal. Calcd for C29H59N2P2HfCl: C, 48.94; H, 8.36; N, 3.94. Found: C, 48.86; H, 8.61; N, 
3.71. 
Synthesis of Cp2(f-Bu3PN)HfCl (5.8). 
Cp2HfCl2 (0.85 g; 2.24 mmol) was dissolved in 10 mL of THF. Solid ?-Bu3PNLi (0.50 g; 
2.24 mmol) was added in portions at room temperature. The cloudy solution was stirred 
for 24 h then pumped to dryness. The product was dissolved in 10 mL of toluene then 
filtered through celite. The solution was concentrated to ~ 5 mL then kept in freezer at -
35°C for 48 h. Pale yellow solid precipitated which was isolated and dried under vacuum 
(0.97 g; 1.73 mmol; 77 %). *H NMR (C6D6, 500 MHz): 5 6.15 (s, 10H, Cp), 1.18 (d,
 3JPH 
= 12.5 Hz, 27H, PC(C#3)3).
 nC{lH} NMR (C6D6, 75 MHz): 5 111.9 (s, Cp), 41.3 (d, 'JPC 
= 45 Hz, PC(CH3)3), 30.3 (s, PC(CH3)3).
 31P{'H} NMR (C6D6, 121 MHz): 8 40.8. Anal. 
Calcd for C22H37NPHfCl: C, 47.15; H, 6.65; N, 2.50. Found: C, 46.90; H, 6.30; N, 2.23. 
Synthesis of Cp*(f-Bu3PN)HfCl2 (5.9). 
Cp*HfCl3 (1.09 g; 2.60 mmol) was suspended in 10 mL of toluene. Solid ?-Bu3PNLi (0.58 
g; 2.60 mmol) was added in portions at room temperature. The cloudy solution was stirred 
for 24 h then filtered through celite. The solution was concentrated to ~ 5 mL then kept in 
freezer at -35°C for 48 h. A white solid precipitated which was isolated, washed with 
pentane then dried under vacuum (1.30 g; 2.16 mmol; 83 %). lH NMR (C6D6, 500 MHz): 
8 2.19 (s, 15H, C5(CH3)5), 1.21 (d,
 3JPH= 12.5 Hz, 27H, PC(C//3)3). "C^H} NMR (C6D6, 
75 MHz): 8 121.0 (s, C5(CH3)5), 41.3 (d, V = 45 Hz, PC(CH3)3), 30.0 (s, PC(CH3)3), 
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12.3 (s, C5(CH3)5).
 3IP{JH} NMR (C6D6, 121 MHz): 5 46.3. Anal. Calcd for 
C22H42NPHfCl2: C, 43.97; H, 7.04; N, 2.33. Found: C, 44.08; H, 7.07; N, 2.34. 
Synthesis of Cp*(f-Bu3PN)Hf(NMe2)2 (5.10). 
Compound (5.9) (100 mg; 0.17 mmol) was dissolved in 3 mL of THF. Me2NLi (50 mg; 
0.98 mmol) were dissolved in 3 mL of THF then added dropwise to the above solution at 
room temperature. The solution was stirred for 36 h then pumped to dryness. The product 
was extracted with hexanes (10 mL) then filtered through celite. Hexanes were removed 
under vacuum to give a crystalline solid (91 mg; 0.15 mmol; 88 %). *H NMR (CeD6, 500 
MHz): 5 3.10 (s, 12H, N(Ci/3)2), 2.19 (s, 15H, C5(CH3)5), 1.28 (d,
 3JPH = 12.0 Hz, 27H, 
PC(C//3)3). "C^H} NMR (C6D6, 75 MHz): 8 116.9 (s, C5(CH3)5), 46.4 (s, N(CH3)2), 40.3 
(d, 1JPC = 45 Hz, PC(CH3)3), 30.1 (s, PC(CH3)3), 12.1 (s, C5(CH3)5).
 31P{'H} NMR (C6D6, 
121 MHz): 5 38.1. 
Synthesis of Cp*(f-Bu3PN)HfMe2 (5.11). 
Compound (5.9) (0.71 g; 1.18 mmol) was suspended in 8 mL of diethyl ether. MeMgBr 
3M (1.97 mL; 5.90 mmol) was added dropwise at room temperature. The cloudy solution 
was stirred for 12 h then pumped to dryness. The product was extracted with hot hexanes 
( 2 x 8 mL) then filtered through celite. Removing hexanes under vacuum gave a white 
solid (0.62 g; 1.11 mmol; 95 %). *H NMR (C6D6, 500 MHz): 5 2.11 (s, 15H, C5(C//3)5), 
1.24 (d, 3JPH = 11.0 Hz, 27H, PC(C//3)3), -0.03 (s, 6H, Hf(Ci/3)2).
 l3C{lH} NMR (C6D6, 
75 MHz): 5 116.5 (s, C5(CH3)5), 41.7 (s, Hf(CH3)2), 41.0 (d, 'Jrc = 45 Hz, PC(CH3)3), 
30.1 (s, PC(CH3)3), 11.9 (s, C5(CH3)5).
 31P{1H} NMR (C6D6, 121 MHz): 5 40.3. Anal. 
Calcd for C24H48HfNP: C, 51.46; H, 8.64; N, 2.50. Found: C, 51.07; H, 8.59; N, 2.43. 
Synthesis of ((Me3Si)2C5H3)(*-Bu3PN)HfCl2 (5.12). 
((Me3Si)2C5H3)HfCl3 (0.10 g; 0.20 mmol) were dissolved in 5 mL of toluene. Solid t-
Bu3PNLi (0.45 g; 0.20 mmol) were added to the above at room temperature. The clear 
solution was stirred at room temperature for a week which became cloudy then pumped to 
dryness. The product was extracted with hot hexanes (5 mL) then filtered through celite. 
Hexanes were removed to give a colorless oil which solidified on standing for few hours 
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as a white material (0.08 g; 0.12 mmol; 59 %). lH NMR (C6D6, 500 MHz): 5 7.01 (t,
 4J = 
2.1 Hz, 1H, H2 of Cp"), 6.81 (d, 4J= 2.1 Hz, 2H, H3 and H4 of Cp"), 1.17 (d, 3JPH= 13.0 
Hz, 27H, PC(Ci/3)3), 0.46 (s, 18H, Si(C#3)3).
 13C{'H} NMR (C6D6, 75 MHz): 5 CI, C2 
and C3 of Cp" not seen, 120.9 (s, C4 and C5 of Cp"), 41.4 (d, V = 45 Hz, PC(CH3)3), 
30.0 (s, PC(CH3)3), 0.73 (s, Si(CH3)3).
 3,P{lH} NMR (C6D6, 121 MHz): 5 45.0. 
Synthesis of ((Me3Si)2C5H3)(f-Bu3PN)HfMe2 (5.13). 
Compound (5.12) (0.15 g; 0.22 mmol) was dissolved in 3 mL of diethyl ether. MeMgBr 
3M (0.37 mL; 1.11 mmol) was added drop wise at room temperature. The solution was 
stirred for 8 h then pumped to dryness. The product was extracted with hexanes (5 mL) 
then filtered through celite. Hexanes were removed to give a crystalline white solid (0.12 
g; 0.19 mmol; 86 %). !H NMR (C6D6, 500 MHz): 8 6.75 (t,
 4J= 1.6 Hz, 1H, H2 of Cp"), 
6.54 (d, 4J= 1.6 Hz, 2H, H3 and H4 of Cp"), 1.22 (d, 3JPH = 12.5 Hz, 27H, PC(C#3)3), 
0.38 (s, 18H, Si(Ci/3)3), 16 (s, 6H, Hf(C#3)2). "C^H} NMR(C6D6, 75 MHz): 5 125.2 (s, 
CI and C3 of Cp"), 123.4 (s, C2 of Cp"), 41.1 (d, lJPC = 47 Hz, PC(CH3)3), 39.9 (s, 
Hf(CH3)2), 30.1 (s, PC(CH3)3), 1.0 (s, Si(CH3)3). ^P^H} NMR(C6D6, 121 MHz): 5 39.8. 
Synthesis of Cp*(*-Pr3PN)HfCl2 (5.14). 
Cp*HfCl3 (0.11 g; 0.26 mmol) was suspended in 3 mL of toluene. Solid /-Pr3PNLi (0.05 
g; 0.27 mmol) was added in portions at room temperature. The cloudy solution was stirred 
overnight then filtered through celite. Toluene was removed under vacuum to give a white 
solid (94 mg; 0.19 mmol; 64 %). !H NMR (C6D6, 500 MHz): 8 2.19 (s, 15H, C5(C#3)5), 
1.64 (m, 3H, PC//), 0.95 (dd, 3JPH = 14.0 Hz,
 3J = 7.0 Hz, 18H, PCH(C/73)2).
 l3C{lH} 
NMR (C6D6, 75 MHz): 8 120.9 (s, C5(CH3)5), 26.9 (d,
 lJ?c = 58 Hz, PCH), 17.3 (s, 
PCH(CH3)2), 12.3 (s, C5(CH3)5).
 31P{1H} NMR (C6D6, 121 MHz): 8 35.3. Anal. Calcd for 
Ci9H36NPHfCl2: C, 40.83; H, 6.49; N, 2.51. Found: C, 41.22; H, 6.64; N, 2.48. 
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5.2.6 Reaction of phosphinimide complexes of hafnium with Lewis acids 
Synthesis of Cp*(*-Bu3PN)HfMe(THF)MeB(C6Fs)3 (5.15). 
Compound (5.11) (50 mg; 0.09 mmol) was dissolved in 2 niL of CH2CI2 containing 72 uL 
of THF (10 equivalents). B(C6F5)3 (45 mg; 0.09 mmol) was dissolved in 2 mL of CH2C12 
then added dropwise to the above solution at room temperature. The colorless solution 
was stirred for 30 min then pumped to dryness to give a white solid, washed with pentane 
(3 mL) then dried under vacuum (91 mg; 0.08 mmol; 89 %). *H NMR (CD2C12, 500 
MHz): 8 4.13 (br, 4H, OCtf2CH2), 2.11 (s, 15H, C5(C/f3)5), 2.03 (br, 4H, OCH2C//2), 1.39 
(d, 3JPH= 13.5 Hz, 27H, PC(C#3)3), 0.47 (br s, 3H, Ci/3B(C6F5)3), 0.27 (s, 3H, HfC//3). 
13C{'H} NMR (CD2C12, 75 MHz): 8 149.0 (dm, ^ = 2 2 5 Hz, o-C6F5), 138.1 (dm,
 1JCF = 
240 Hz, p-C6F5), 137.1 (dm, 'JCF = 240 Hz, m-C6F5), 121.9 (s, C5(CH3)5), 121.9 (s, 
C5(CH3)5), 75.9 (s, OCH2CH2), 41.1 (d,
 1JPC= 46 Hz, PC(CH3)3), 29.8 (s, PC(CH3)3), 29.1 
(s, HfCH3), 26.0 (s, OCH2CH2), 11.7 (s, C5(CH3)5), 11.0 (br, CH3B(C6F5)3).
 19F NMR 
(CD2C12, 282 MHz): 5 -133.59 (d,
 3JFF= 22 Hz, 6F, o-F), -165.71 (t,
 3JFF = 20 Hz, 3F,p-
F), -168.25 (m, 6F, m-F). 31P{1H} NMR (CD2C12, 121 MHz): 8 51.3.
 11B{1H} NMR 
(CD2C12, 96 MHz): 8 -14.9. 
Synthesis of [Cp*(f-Bu3PN)HfMe] [B(C6Fs)4] (5.16). 
Compound (5.11) (50 mg; 0.09 mmol) and [Ph3C][B(C6F5)4] (82 mg; 0.09 mmol) were 
dissolved in 2 mL of CH2C12 in two different vials. The borate solution was added 
dropwise to the other at -35°C. The clear yellow solution was stirred for 15 min then 
pumped to dryness to give an orange foam. It was washed with benzene ( 3 x 3 mL) then 
dried under vacuum for 12 h. lH NMR (CD2C12, 500 MHz): 8 2.07 (s, 15H, C5(CH3)s), 
1.40 (d, 3JPH = 13.0 Hz, 27H, PC(Ci/3)3), 0.03 (s, HfC#3).
 13C{XH} NMR (CD2C12, 75 
MHz): 8 148.7 (d, ' JCF= 240 Hz, o-C6F5), 138.8 (dm, 'Jcr^ 240 Hz, p-C6F5), 136.9 (d, 
'JCF = 247 Hz, m-C6F5), 120.1 (s, C5(CH3)5), 41.8 (s, HfCH3), 41.5 (d, 'jPc = 45 Hz, 
PC(CH3)3), 30.0 (s, PC(CH3)3), 11.7 (s, C5(CH3)5).
 19F NMR (CD2C12, 282 MHz): 8 -
133.5 (s, 8F, o-F), -164.1 (t, 3JFF = 20 Hz, 4F,p-F), -168.0 (m, 8F, m-F).
 31P{1H} NMR 
(CD2C12, 121 MHz): 8 48.2. "B^H} NMR (CD2C12, 96 MHz): 8 -16.9. 
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Synthesis of [(f-Bu3PN)2Hf(H2B(C6F5)2)2] (5.17). 
Compound (5.4) (15 mg; 0.023 mmol) and HB(C6Fs)2 (33 mg; 0.093 mmol) were 
combined in a small vial containing 1 ml of benzene. The vial was capped and sonicated 
for 10 min at room temperature. The cloudy solution was heated at 50°C for 30 min till it 
became clear. The product precipitated as colorless crystals once it cooled down to room 
temperature. The solvent was removed under vacuum to give a white solid. The solid was 
washed thoroughly with hexanes (5 * 2 mL) to remove MeB(CeF5)2 and side products 
then dried under vacuum (25 mg; 0.019 mmol; 83 %). !H NMR (C6D6, 500 MHz): 8 4.67 
(br q, u-H, JHB = 65 Hz, 4H), 0.92 (d,
 3JPH = 10 Hz, 54H, PC(C#3)3).
 13C{]H} NMR 
(C6D6, 75 MHz): 8 148.3 (d,
 1JCF= 241 Hz, o-C6F5), 139.5 (dm, 'JCF = 250 Hz, p-C6F5), 
138.1 (d, ^CF = 245 Hz, m-C6F5), 40.2 (d, 'jpc = 45 Hz, PC(CH3)3), 29.2 (s, PC(CH3)3). 
19F NMR (C6D6, 282 MHz): 8 -130.7 (s, 8F, o-F), -157.8 (t,
 3JFF = 28 Hz, 4F,/?-F), -163.9 
(m, 8F, m-¥). 31P{!H} NMR (C6D6, 121 MHz): 8 47.2.
 n B NMR (C6D6, 96 MHz): 8 -15.0 
(t, JBH=65Hz). 
5.2.7 Polymerization Protocol 
Refer to section 3.2.7 
5.2.8 X-Ray Data Collection, Reduction, Solution and Refinement 
Crystals were manipulated and mounted in capillaries in a glovebox, thus maintaining a 
dry, oxygen-free environment for each crystal. Diffraction experiments were performed 
on a Siemens SMART System CCD diffractometer. The data (4.5°< 2<9<45-50.0°) were 
collected in a hemisphere of data in 1329 frames with 10 second exposure times. The 
observed extinctions were consistent with the space groups in each case. A measure of 
decay was obtained by re-collecting the first 50 frames of each data set. The intensities of 
reflections within these frames showed no statistically significant change over the 
duration of the data collections. The data were processed using the SAINT and 
SHELXTL processing packages. An empirical absorption correction based on redundant 
data was applied to each data set. Subsequent solution and refinement was performed 
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using the SHELXTL solution package. Non-hydrogen atomic scattering factors were 
taken from the literature tabulations. The heavy atom positions were determined using 
direct methods employing the SHELXTL direct methods routine. The remaining non-
hydrogen atoms were located from successive difference Fourier map calculations. The 
refinements were carried out by using full-matrix least squares techniques on F2, 
2 2 2 
minimizing the function co (|i\>|-|Fc|) where the weight co is defined as 4F0 12a (F0 ) and 
F0 and Fc are the observed and calculated structure factor amplitudes, respectively. In the 
final cycles of each refinement, all non-hydrogen atoms were assigned anisotropic 
temperature factors in the absence of disorder or insufficient data. In the latter cases atoms 
were treated isotropically. C-H atom positions were calculated and allowed to ride on the 
carbon to which they are bonded assuming a C-H bond length of 0.95 A. H-atom 
temperature factors were fixed at 1.10 times the isotropic temperature factor of the C-
atom to which they are bonded. The H-atom contributions were calculated, but not 
refined. The locations of the largest peaks in the final difference Fourier map calculation 
as well as the magnitude of the residual electron densities in each case were of no 
chemical significance. 
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The data was collected at 24°C with Mo Ka radiation (X = 0.71073 A) 
R = S I I F J - I F J I / 1 | F 0 | 5 R W = [ Z ( | F 0 | - | F C | )
2 / I | F 0 |
2 ] 0 - 5 



































































The data was collected at 24°C with Mo Ka radiation (X = 0.71073 A) 
R = S I | F O I - | F C | I / z | F 0 | , R W = P ( | F 0 | - | F C | )
2 / S | F 0 |
2 ] 0 - 5 
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5.3 Results and Discussion 
The dehalosilylation method typically used to prepare phosphinimide complexes of 
titanium proved not to be suitable in the synthesis of phosphinimide complexes of 
zirconium or hafnium.64 Previously, several phosphinimide complexes of zirconium and 
hafnium have been prepared under forcing conditions of high temperature and an 
equimolar amount of KF to help remove the by-product Me3SiF.64'132 However, the most 
convenient ways to prepare these compounds are either by salt metathesis (LiCl) or by 
alkane or amine elimination methods. These methods are regularly used in our group to 
prepare metal phosphinimide complexes. 
The phosphinimide lithium salt (7-Bu3PNLi) was reacted with HfCLt in a 1:1 ratio to 
possibly make (7-Bu3PN)HfCl3. This reaction gave a mixture of (7-Bu3PN)2HfCl2 and (t-
Bu3PN)3HfCl as evidenced by 31P NMR in comparison to compounds (5.3) and (5.5), 
(vide infra). Alternatively, the parent phosphinimine /-BU3PNH was reacted 
stoichiometrically with another hafnium precursor Hf(NEt2)4 to afford (t-
Bu3PN)Hf(NEt2)3 (5.1) in 96% yield (Scheme 5.1). This compound was subsequently 
treated with Me3SiCl to cleave the amide ligands and possibly generate the chloride 
compound (^-Bu3PN)HfCb. This reaction proved to be problematic as it appeared 
Me3SiCl cleaved all N-Hf bonds unselectively. The clean reaction observed in the amine 
elimination method encouraged pursuits to add another equivalent of phosphinimide on 
hafnium. Thus, the phosphinimine ?-Bu3PNH was reacted in boiling toluene with 
Hf(NEt2)4 in 2:1 ratio to afford (/-Bu3PN)2Hf(NEt2)2 (5.2) in 96% yield. It was 
transformed cleanly at room temperature to the chlorides (f-Bu3PN)2HfCl2 (5.3) via 
reacting with excess Me3SiCl. This compound showed a singlet at 41.3 ppm in 31P NMR 
and a doublet at 1.28 ppm in [H NMR. The pseudo tetrahedral arrangement around Hf 
was confirmed by X-ray crystallography (Figure 5.2 (a)). The Hf-N distances were found 
to be 1.922(3) A and 1.927(3) A and the Hf-Cl distances were 2.3855(13) A and 
2.3856(14) A. The linear arrangement of P-N-Hf (175.0(3)° and 168.3(2)°) supports the 
multiple bonding character in N-Hf, which is similar to that seen in (?-Bu3PN)2TiCl2 
(175.5(2)°, 167.8(3)°) and (^-Bu3PN)2Zr(NEt2)2 (175.4(9)°, 178(1)°). This compound was 
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further alkylated with MeMgBr to give (7-Bu3PN)2HfMe2 (5.4) as a white solid in 93% 
yield. An upfield shift in 31P NMR at 37.2 ppm is consistent with the less acidic Hf center. 
Similarly, its structure was also confirmed by X-ray crystallography (Figure 5.2 (b)). It 
has similar features to that of the chloride (?-Bu3PN)2HfCl2 with longer Hf-N bonds 
(1.946(3) and 1.948(3) A) and relatively shorter P-N bonds (1.554(3) and 1.555(3) A) as a 
consequence of more electron rich Hf. It is noteworthy that the similar compound (t-
Bu3PN)2ZrMe2 could not be prepared. 
(a) 
(b) 
Figure 5.2: ORTEP drawing of (5.3) (a) and (5.4) (b); 30% thermal ellipsoids are shown. 
Hydrogen atoms are omitted for clarity. Selected bond distances (A) and angles (°), (5.3): 
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Hf(l)-N(2) 1.922(3), Hf(l)-N(l) 1.927(3), Hf(l)-Cl(l) 2.3855(13), Hf(l)-Cl(2) 
2.3856(14), P(l)-N(l) 1.569(3), P(2)-N(2) 1.570(4), N(2)-Hf(l)-N(l) 111.22(15), N(2)-
Hf(l)-Cl(l) 109.81(12), N(l)-Hf(l)-Cl(l) 108.87(12), N(2)-Hf(l)-Cl(2) 109.70(12), 
N(l)-Hf(l)-Cl(2) 109.89(12). Cl(l)-Hf(l)-Cl(2) 107.27(6), P(l)-N(l)-Hf(l) 175.0(3), 
P(2)-N(2)-Hf(l) 168.3(2). (5.4): Hf(l)-N(2) 1.946(3), Hf(l)-N(l) 1.948(3), Hf(l)-C(26) 
2.237(4), Hf(l)-C(25) 2.251(5), N(l)-P(l) 1.554(3), N(2)-P(2) 1.555(3), N(2)-Hf(l)-N(l) 
114.92(13), N(2)-Hf(l)-C(26) 108.74(15), N(l)-Hf(l)-C(26) 110.11(15), N(2)-Hf(l)-
C(25) 109.69(17), N(l)-Hf(l)-C(25) 109.06(18), C(26)-Hf(l)-C(25) 103.73(17), P(l)-
N(l)-Hf(l) 170.8(2), P(2)-N(2)-Hf(l) 175.7(2). 
The fn's-phosphinimide compound (f-Bu3PN)3HfCl was prepared by adding three 
equivalents of f-Bu3PNLi to THF solution of HfCU at room temperature (Scheme 5.1). 
The product (5.5) was isolated as a white solid in moderate yield (62%). The structure of 
this compound was further confirmed by X-ray crystallography (Figure 5.2). The Hf-N 
bonds (1.969(3), 1.971(3) and 1.983(3) A) were longer than those in the bis-
phosphinimide compound (/-BusPN^HfCb. This is presumably due to reduced acidity of 
Hf centre and/or to greater congestion created by three phosphinimide ligands. Finally, 
the methylated product (7-Bu3PN)3HfMe (5.6) was generated by reacting (5.5) with 
MeMgBr. It exhibited a sharp 31P NMR signal at 34.1 ppm and two 'H NMR signals, a 
doublet at 1.44 ppm for fer/-butyl groups and a singlet at 0.36 ppm for methyl protons. 
t-Bu, 
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Scheme 5.1: Synthesis of mono-, bis- and tris- phosphinimide complexes of hafnium 
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Figure 5.3: ORTEP drawing of (5.5); 30% thermal ellipsoids are shown. Hydrogen atoms 
are omitted for clarity. Selected bond distances (A) and angles (°): Hf(l)-N(3) 1.969(3), 
Hf(l)-N(2) 1.971(3), Hf(l)-N(l) 1.983(3), Hf(l)-Cl(l) 2.4272(13), P(l)-N(l) 1.551(4), 
P(2)-N(2) 1.557(3), P(3)-N(3) 1.561(3), N(3)-Hf(l)-N(2) 111.16(16), N(3)-Hf(l)-N(l) 
112.93(16), N(2)-Hf(l)-N(l) 110.95(15), N(3)-Hf(l)-Cl(l) 107.64(11), N(2)-Hf(l)-Cl(l) 
106.50(11), N(l)-Hf(l)-Cl(l) 107.31(11), P(l)-N(l)-Hf(l) 164.8(2), P(2)-N(2)-Hf(l) 
165.0(2), P(3)-N(3)-Hf(l) 168.1(2). 
Other hafnium precursors such as CpHfCb could generate a complex of the form Cp(t-
Bu3PN)HfCl2 active for olefin polymerization similar to those compounds of Ti and Zr. 
Thus, one equivalent of Mk^PNLi in a toluene solution was reacted with CpHfCl3. After 
workup, the product showed a single 31P NMR resonance at 41.3 ppm and two *H NMR 
signals, a singlet at 5.82 ppm for cyclopentadienyl group and a doublet at 1.28 ppm for 
tert-butyl protons. These phosphinimide ligand gave rise to signals in the 31P and *£! 
NMR spectra were previously observed for the fos-phosphinimide compound (t-
Bu3PN)2HfCl2 (5.3). The cyclopentadienyl !H NMR resonance at 5.82 ppm corresponds to 
Cp2HiCi2, confirmed by an NMR spectrum of the pure compound. Single crystals suitable 
for X-ray crystallography grown by slow evaporation from benzene solution confirmed 
the formation of fo's-phosphinimide compound (^-BusPNhHlCb. These data suggests a 
rearrangement process involving Cp or phosphinimide ligand migration. 
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3h To probe the mechanism of this ligand redistribution reaction, a variable temperature P 
NMR experiment was performed. Due to limited solubility of CpHfCl3 at low 
temperature, only free M3u3PNLi was observed at 31.2 ppm. At 15°C, a broad hump at 
56.6 ppm emerged for a short period of time followed by a sharp signal at 41.0 ppm that 
slowly continued growing until the consumption of approximately 70% of the starting 
material /-Bu3PNLi. To complete the reaction, vigorous shaking of the NMR tube was 
required. There are two possible mechanisms to consider. In both cases, the first step 
involves salt metathesis to replace one chloride ligand for a phosphinimide, generating 
Cp(f-Bu3PN)HfCl2. In the first mechanism (Scheme 5.2 (A)), ligand redistribution from 
Cp(7-Bu3PN)HfCl2 with itself could generate the two products ((f-Bu3PN)2HfCl2 and 
Cp2HfCl2). In the second (Scheme 5.2 (B)), further salt metathesis could occur to give 
Cp(^-Bu3PN)2HfCl, which could then react with CpHfC^ to give the two redistributed 
products. 
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Scheme 5.2: Proposed mechanisms for redistribution 
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We envisioned that the second mechanism is more likely. Upon addition of 7-Bii3PNLi, 
reaction with CpHfCl3 forms Cp(/-Bu3PN)HfCl2. Possibly due to its higher solubility 
(compared to CpHfCl3), it reacts rapidly with another equivalent of f-Bu3PNLi to afford 
the iw-phosphinimide product Cp(/-Bu3PN)2HfCl. This compound undergoes 
redistribution process with free CpHfCl3 in solution to give (/-BusPN^HfC^ and 
Cp2HfCl2 as the final products (Scheme 5.2 (B)). It is noteworthy that this process was not 
observed in the synthesis of the closely related compounds Cp(/-Bu3PN)TiCl2 or Cp(^-
Bu3PN)ZrCl2. 
There is one key intermediate to consider, Cp(f-Bu3PN)2HfCl, which could give rise to the 
broad hump at 55.6 ppm observed in the variable temperature 31P NMR spectrum. The 
6/s-phosphinimide complex Cp(^-Bu3PN)2HfCl was prepared independently in 95% yield 
by treating (f-Bu3PN)2HfCl2 with an equimolar amount of CpNa. A sharp signal at 37.4 
ppm was observed in the 31P NMR, as well as two 'H NMR signals, a singlet at 6.57 ppm 
for Cp protons and a doublet at 1.31 ppm for tert-butyl groups. It is not clear if the short-
lived broad hump at 55.6 ppm observed in the variable temperature 31P NMR is for Cp(t-
Bu3PN)HfCl2. 
It is particularly noteworthy that compound Cp(/-Bu3PN)2HfCl (5.7) is stable on its own 
even at high temperature, but can react cleanly in several hours at room temperature with 
a stoichiometric amount of CpHfC^ to give (/-Bu3PN)2HfCl2 and Cp2HfCl2. In fact, this 
reaction is slow and requires vigorous stirring but it speeds up when the temperature is 
raised, presumably due to increased solubility of CpHfCl3. These data indicate that the 
disproportionation process likely occurs via cyclopentadienyl-for-chloride ligand 
exchange rather than phosphinimide-for-chloride ligand exchange. Ligand redistribution 
involving cyclopentadienyl-for-chloride group exchange has been used as an alternative 
way to synthesize the titanium compound CpTiCl3. This could be done by mixing 
Cp2TiCl2 with an equimolar amount of TiCU in boiling toluene.133 
The fo's-cyclopentadienyl hafnium complex Cp2(f-Bu3PN)HfCl (5.8) was also synthesized 
in 77% yield by reacting Cp2HfCl2 with *-Bu3PNLi. 
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The introduction of substituted cyclopentadienyl groups could slow or prevent the 
disproportionation. The indenyl derivative IndHfCl3 was found to undergo the same 
transformation, with a major product observed in the 31P NMR at 41.3 ppm, although 
some side products were detected. For the bulkier precursor Cp*HfCl3, monitoring the 
reaction by 3IP NMR showed the formation of a new signal at 46.3 ppm. The full 
characterization by multinuclear NMR spectroscopy confirmed the formulation as Cp*(/-
Bu3PN)HfCl2 (5.9). The pseudo-tetrahedral arrangement about Hf was unambiguously 
confirmed by X-ray crystallography (Figure 5.3). The Hf-N distance was found to be 
1.925(7) A while the Hf-Cl distances were 2.398(3) A and 2.402(3) A, quite similar to 
those in Zn's-phosphinimide compound (/-Bu3PN)2HfCl2 seen earlier. Additionally, the 
fairly linear P-N-Hf arrangement shows a bond angle of 163.2(4)°, which is larger than 
those observed in [Hf3Cl6(NPMe3)5]
+[Hf2Cl7(NPMe3)2]" (133.1(8)°, 125.9(6)°, and 
132.6(8)°), likely due to its monomeric nature. Other derivatives were prepared using 
the dichloride compound with the appropriate reagents. The complexes Cp*(/-
Bu3PN)Hf(NMe2)2 (5.10) and Cp*(/-Bu3PN)HfMe2 (5.11) were synthesized in high yields 
of 88% and 95% respectively. 
Figure 5.4: ORTEP drawing of (5.5); 20% thermal ellipsoids are shown. Hydrogen atoms 
are omitted for clarity. Selected bond distances (A) and angles (°): Hf(l)-N(l) 1.925(7), 
Hf(l)-Cl(2) 2.398(3), Hf(l)-Cl(l) 2.402(3), N(l)-P(l) 1.574(8), N(l)-Hf(l)-Cl(2) 
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104.3(2), N(l)-Hf(l)-Cl(l) 103.3(2), Cl(2)-Hf(l)-Cl(l) 103.46(12), P(l)-N(l)-Hf(l) 
163.2(4). 
The sterically encumbered precursor ((Me3Si)2C5H3)Hf€l3, was reacted stoichiometrically 
with f-Bu3PNLi to form ((Me3Si)2C5H3)(r-Bu3PN)HfCl2 (5.12). This reaction required 
longer time and was isolated in a moderate yield of 59%. The compound (5.12) exhibited 
a sharp 31P NMR signal at 45.0 ppm and four !H NMR resonances at 7.01, 6.81, 1.17 and 
0.46 ppm for Cp, tert-buty\ and trimethylsilyl groups, respectively. This compound was 
alkylated with MeMgBr to give ((Me3Si)2C5H3)(f-Bu3PN)HfMe2 (5.13) as a crystalline 
white solid in high yield 86%. To rule out the possibility of disproportionate at high 
temperatures, these two complexes were heated separately in benzene solution at 70°C for 
two days, and no change in 31P NMR was observed. Moving to a less sterically 
demanding phosphinimide salt z'-Pr3PNLi, reaction with Cp*HfCl3 at room temperature 
provided the desired product Cp*(/-Pr3PN)HfCl2 (5.14). Its Cp* signal in *H NMR is 
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Scheme 5.3: Synthesis of phosphinimide half-metallocene complexes of hafnium 
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Reaction of Lewis acids with group IV alkyl complexes to generate cationic species is 
commonly used to study the nature of the cation as single-site catalyst in olefin 
polymerization. When the compound Cp*(/-Bu3PN)HfMe2 (5.11) was reacted in 
methylene chloride with B(C6Fs)3 at various temperatures, no clear indication of cationic 
species formation was observed using NMR spectroscopy. However, when the reaction 
was repeated in the presence of a donor such as THF, the desired product Cp*(/-
Bu3PN)HfMe(THF)MeB(C6F5)3 (5.15) was obtained in high yield 89% (Scheme 5.4). The 
2H NMR spectrum showed a broad singlet at 0.47 ppm attributable to the Me-B and a 
sharp singlet at 0.27 ppm attributable to the Hf-Me. The sharp n B NMR signal at -14.9 
ppm confirmed a tetracoordinate boron environment. Alternatively, the stronger methide 
abstracting reagent [Ph3C][B(C6F5)4] was found to react cleanly with Cp*(t-
Bu3PN)HfMe2 (5.11) to generate the cationic species [Cp*(J-Bu3PN)HfMe][B(C6F5)4] 
(5.16) without the need of a donor (Scheme 5.4). This species was stable for several 
hours; therefore it was only characterized spectroscopically. The Hf-Me gave rise to a 
broad singlet at 0.03 ppm in the lH NMR spectrum, and similar to the above a sharp n B 
NMR signal at -16.9 ppm. This behaviour of reactivity towards Lewis acids resembles 
that of zirconium in Cp(?-Bu3PN)ZrMe2. 
B(C6F5)3/THF 
,HfMe 
t -Bu-.n ' '























Scheme 5.4: Generation of cationic species (5.15) and (5.16) 
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On the other hand, no identifiable cationic species were generated when the bis-
phosphinimide (7-Bu3PN)2HfMe2 (5.4) was treated with B(C6F5)3 or [Ph3C][B(C6F5)4] 
presumably due to high sensitivities of these species. However, it was found to react 
cleanly with four equivalents of the strong Lewis acid (C6F5)2BH at room temperature. 
This reaction afforded the few-dihydridoborate complex [(/-Bu3PN)2Hf(H2B(C6F5)2)2] 
(5.17) as a white solid in 89% isolated yield (Scheme 5.5). The lH NMR spectrum 
exhibited a resonance centered at 4.67 ppm consisting of four broad humps separated by 
65 Hz attributed to four hydrogens and a doublet at 0.92 ppm for tert-butyl groups, while 
the UB NMR showed a triplet at -15.0 ppm. This complex was further confirmed by X-
ray crystalography (Figure 5.4). The Hf-N distances were found to be 1.909(3) A and 
1.921(3) A, similar to those seen earlier. The Hf-B distances were significantly different 
(2.588(5) A and 2.655(4) A) due to close proximity of one ortho-V of a C6F5 group 
(Hf--F 2.678(3) A), which has not been seen in the reported zirconocene complex 
[Cp2Zr(H2B(C6F5)2)2].
134 The P-N-Hf angles were nearly linear 177.4(2)° and 173.3(2)°. 
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Scheme 5.5: Synthesis of 6/5-dihydridoborate complex (5.17) 
t-Bu, J-Bu 
t -Bu^ p* H ^ / 8 ^ 6 ^ 2 
,Hf • + 2 MeB(C6F5)2 
t-Bu#.p* H \ 
t " 8 ^ t-R.. B(C6F5)2 
131 
Figure 5.5: ORTEP drawing of (5.17); 10% thermal ellipsoids are shown. Most hydrogen 
atoms are omitted for clarity. Selected bond distances (A) and angles (°): Hf(l)-N(l) 
1.909(3), Hf(l)-N(2) 1.921(3), Hf(l)-B(l) 2.588(5), Hf(l)-B(2) 2.655(4), Hf(l)-F(16) 
2.678(3), P(l)-N(l) 1.594(3), P(2)-N(2) 1.587(3), N(l)-Hf(l)-N(2) 112.85(14), N(l)-
Hf(l)-B(l) 104.05(14), N(2)-Hf(l)-B(l) 111.07(15), N(l)-Hf(l)-B(2) 101.36(14), N(2)-
Hf(l)-B(2) 113.45(14), B(l)-Hf[l)-B(2) 113.32(15), P(l)-N(l)-Hf(l) 177.4(2), P(2)-
N(2)-Hf(l) 173.3(2). 
Ethylene Polymerization Catalysis 
Testing the efficiency of some of the phosphinimide hafnium complexes in ethylene 
polymerization was first conducted using MAO as the alkylating/activating reagent as 
well as the scavenger. When the hafnium dichloride compounds (?-Bu3PN)2HfCl2 (5.3), 
Cp*(/-Bu3PN)HfCl2 (5.9) and ((Me3Si)2C5H3)(/-Bu3PN)HfCl2 (5.12) were activated with 
500 equivalents of MAO, they produced negligible amount of polyethylene. This could be 
attributed to abstraction of the phosphinimide ligand by aluminum which has been 
observed in the zirconium analogues. 
The phosphinimide hafnium dimethyl complexes were also tested for their polymerization 
activity employing B(C6Fs)3 or [Ph3C][B(C6Fs)4] as the activator. When the compounds 
Cp*(f-Bu3PN)HfMe2 (5.11) and ((Me3Si)2C5H3)(f-Bu3PN)HfMe2 (5.13) were activated 
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with B(C6F5)3 using 20 equivalents of Al(/-Bu)3 as a scavenger, no polymer formation 
occured. This is presumably due to the immediate decomposition of the cationic species. 
However, when were activated with [Ph3C][B(C6Fs)4], highly active catalysts were 
obtained (Table 5.2). They exhibited activities close to that of Cp2HfMe2 but certainly 
lower than the titanium complex Cp(7-Bu3PN)TiMe2. Unfortunately, no polymer analyses 
are available at this point. 
































Conditions: Temperature = 30°C, Ethylene pressure = 2 atm, Catalyst cone. = 60 uL, Scavenger = Al(?'-Bu)3 
Al:Hf ratio 20:1, Stir rate = 1500 rpm. Activator equivalence = 2, Duration = 5 min. 
a) Activity is reported in g mmor1h"1atm"1. 
b) Polymer analyses not available. 
c) Polymer is not soluble in 1,2,4-trichlorobenzene. 
5.4 Summary and Conclusion 
Phosphinimide complexes of hafnium were synthesized either by salt metathesis or amine 
elimination. Cyclopentadienyl disproportionation was found to take place when simple 
cyclopentadienyl groups were employed, but this could be prevented by introducing bulky 
substituted cyclopentadienyl ligands. Some of the dimethyl complexes were tested in 
ethylene polymerization and showed high activities. 
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6 Summary and Conclusion 
Incorporating a Lewis acid fragment (B(C6F5)2) on a few phosphinimines generates four-
membered main group heterocycles of the general formula (B-N-P-C) as in t-
Bu2((C6F5)2BCH2)PNSiMe3. Due to strain associated with these heterocycles, a five-
membered main group heterocycle of the type (B-N-P-C-C) is generated as in t-
Bu2((C6F5)2BCMeHCH2)PNSiMe3. The B-N dative bonds in these compounds are 
generally strong but they can be cleaved by protonation with acid or alcohol to form 
phosphinammonium salts. One of these salts reacts cleanly with AlMe3 to form a six-
membered main group heterocycle of the formula (O-Al-N-P-C-B). Attempts to attach 
these compounds to titanium fail. 
Olefin metathesis is used efficiently to prepare linked Phosphinimide-Cyclopentadienyl 
titanium complexes. These complexes contain four carbon atoms in the link between the 
phosphinimine phosphorus atom and the cyclopentadienyl as in t-
Bu2(CpCH2CH=CHCH2)PNTiCl2. When activated with MAO, the linked titanium 
dichloride complexes show very low ethylene polymerization activities compared to the 
non-linked analogues due to reduced solubility of the linked complexes. On the other 
hand, when activated with B(C6Fs)3 or [Ph3C][B(C6F5)4], the linked dimethyl complexes 
exhibit high polymerization activities although lower than the non-linked analogues 
except in the case of/-Bu2(C5Me4CH2CH=CHCH2)PNTiMe2 with B(C6F5)3. Attempts to 
prepare similar linked complexes with shorter link (three carbon atoms) or longer link 
(five carbon atoms) fail. 
In efforts to prepare linked fo's-phosphinimide titanium complexes containing additional 
substitution alpha to phosphorus, olefin metathesis fails to generate the desired products. 
Two linked &/'s-phosphinimide titanium complexes are prepared. The first can be made by 
reacting ?-Bu2PLi with N-substituted ethylene diamine and the second by reacting t-
Bu2(Me2CLi)PNSiMe3 with (C1CH2)2CCH2. These compounds have four and five atoms 
in the link between the phosphinimine phosphorus atoms. When activated with 
[Ph3C][B(C6F5)4], the linked ligand complexes [(CH2(Me)NP(/-Bu2)N)2]TiMe2 and 
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[CH2=C[CH2C(Me2)P(>Bu2)N]2]TiMe2 show lower polymerization activities compared 
to the non-linked analogues. 
Phosphinimide complexes of hafnium can be prepared in high yield either by salt 
metathesis using HfCLt with ?-Bu3PNLi or amine elimination using Hf(NEt2)4 with t-
BU3PNH. When another hafnium precursor containing cyclopentadienyl CpHfCl3 is 
reacted with ?-Bu3PNLi, ligand redistribution occurs to form (/-Bu3PN)2HfCl2 and 
Cp2HfCl2 through cyclopentadienyl-for-chloride exchange. This redistribution can be 
prevented by using bulky cyclopentadienyl groups such as Cp*HfCl3 and 
((Me3Si)2C5H3)HfCl3. The reaction of some hafnium complexes with Lewis acids is 
studied. First, the complex Cp*(7-Bu3PN)HfMe2 reacts cleanly with B(C6F5)3 in presence 
of THF to form Cp*(/-Bu3PN)HfMe(THF)MeB(C6F5)3 or with [Ph3C][B(C6F5)4] to form 
[Cp*(?-Bu3PN)HfMe][B(C6F5)4]. Second, the complex 0-Bu3PN)2HfMe2 reacts cleanly 
with (C6F5)2BH to form the fos-dihydridoborate complex [OBu3PN)2Hf(H2B(C6F5)2)2]. 
When activated with [Ph3C][B(C6F5)4], the compounds Cp*(/-Bu3PN)HfMe2 and 
((Me3Si)2C5H3)(7-Bu3PN)HfMe2 show close ethylene polymerization activities to 
Cp2HfMe2 but certainly lower than titanium standard Cp(/-Bu3PN)TiMe2. 
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